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Information is currently lacking on the effect that carbon nanotubes (CNTs) have on the mechanism and
extent of polymer photodegradation as well as the quantity, kinetics, and form of CNTs released. To ad-
dress this, we followed in detail the photodegradation of a photolabile CNT-polymer nanocomposite
(CNT-PNC), composed of single walled CNTs and polycaprolactone. Analysis of released CNT-containing
fragments was accomplished with single particle inductively coupled plasma mass spectrometry (sp-ICP-
MS). The mechanism of polymer photodegradation remained unchanged upon CNT inclusion, although
polymer mass loss decreases systematically as CNT loading increases. This inhibitory effect is due to the
light absorption and scattering properties of CNTs, which reduces the depth of photolysis and conse-
quently the extent of CNT-PNC mass loss. Preferential CNT retention in the polymer during photo-
degradation results in CNT release at lower quantities than predicted based on their mass loading. The
form of the released CNTs depends on CNT loading and evolves as the CNT-PNC photodegradation pro-
cess proceeds. For CNT-PNCs with higher CNT loadings, multiple CNTs are initially released embedded
within polymer fragments; as CNT-PNC degradation slows, released fragments contain predominantly iso-
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lated CNTs. For sufficiently long irradiation times, a dense CNT-mat forms at the surface, stabilizing the
CNT-PNC towards further polymer or CNT loss. Extrapolating our findings to other CNT-PNC systems
suggests that the quantity and form of released CNTs, as well as the extent of CNT-PNC photodegradation,
will be influenced by the CNT loading and will evolve over the course of the CNT/PNC photodegradation
process.
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Environmental significance

As carbon nanotube polymer nanocomposites (CNT-PNCs) enter the environment in increasing quantities, a more detailed understanding of the role CNTs
play in regulating the photodegradation of CNT-PNCs, and the release of CNTs is needed. To address this issue we have conducted accelerated
photodegradation studies and spectroscopic characterization of CNT-PNCs with a span of initial CNT concentrations. Our findings indicate that CNTs re-
strict the depth of photolysis and thereby reduce the extent of photodegradation. We also utilize single particle ICP-MS to characterize the released CNT-
containing fragments as a function of both initial CNT concentration and the extent of photodegradation. These findings establish a systematic relation-
ship between CNTs and CNT-PNC photodegradation and inform the nature of CNTs released into the environment.

“ Department of Chemistry, Johns Hopkins University, Baltimore, MD 21218, USA.

E-mail: howardf@jhu.edu

b Department of Chemistry & Geochemistry, Colorado School of Mines, Golden,

CO 80401, USA

t Electronic supplementary information (ESI) available: Absorption spectra of
PCL is included in SI 1. Additional TEM and EDX characterization of the as re-
ceived SWCNTs are shown in SI 2. Raman spectra of a 1.5% CNT sample is
shown in SI 3. SWCNT calibration curve used for calculating CNT concentration
of %Y signal with sp-ICP-MS is shown in SI 4. Absolute mass loss measurements
for nanocomposite samples are provided in SI 5. Additional SEM imaging of the
CNT free polymers and exposed 0.25% CNT sample is shown in SI 6 and 7, re-
spectively. Additional XPS spectra of the CNT free polymer and nanocomposite
samples are included in SI 8 & SI 9, respectively. ATR-FTIR of C-H stretching re-
gion, as well as delta spectra of all exposed samples is shown in SI 10. See DOI:
10.1039/c6en00669h
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1 Introduction

Polymer nanocomposites (PNCs), particularly those
containing carbon nanotubes (CNT-PNCs), are being utilized
in a growing variety of commercial products such as sporting
equipment, shoe soles, bicycles, and wind turbine blades®
and applications in highly-engineered materials such as the
wingtip fairings of Lockheed Martin's F-35 Joint Strike
Fighter.> With the increased use of CNT-PNCs, the potential
for CNT release into the environment and exposure to differ-
ent ecosystems (aquatic, terrestrial, human) will inevitably in-
crease as well. Release is an important factor to consider
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because it is the precursor to exposure, which along with haz-
ard determines the risk posed by a material.> Extensive re-
search has already been conducted to explore the toxicity
(hazard) of CNTs.*” In contrast, far less information is avail-
able on nanoparticle (NP) release from consumer products,
especially the factors that control release from products. For
the case of CNT-PNCs, this includes the influence that CNTs
have on the polymer photodegredation and release
mechanism(s), the kinetics of CNT release, the quantity and
overall fraction of incorporated CNTs released, and the form
of the released CNTs (dispersed vs. embedded in polymer
fragments). Without such information, well-informed risk as-
sessments of PNC products are difficult to develop.

The release of CNTs from PNC-CNTs as a result of photo-
chemical weathering can occur during PNC-CNT use or end
of life phases and as such represents an important release
scenario.® Previous studies have shown that nanomaterial re-
lease from polymer nanocomposites occurs as a consequence
of the photodegradation of the surrounding polymer ma-
219 As highlighted in a review by Kingston et al., PNCs
composed of a variety of polymer matrices, such as epoxy,
polyamide, polyurethane, and polycarbonate, are found to be
susceptible to nanomaterial release through polymer photo-
degradation.'” However, polymer photodegredation is slow
and one of the difficulties in studying polymer photo-
degradation in the natural environment is that it may take
months or more typically years for measureable degradation
to occur. Consequently, CNT-PNC weathering is often exam-
ined using conditions that accelerate the degradation pro-
cess, although specific methods vary. Such accelerated degra-
dation approaches include the NIST SPHERE (simulated
photodegradation via high energy radiant exposure)'>'* and
standardized accelerated weathering tests, such as ISO 3892-
2:2006 (ref. 14) or ISO 4892/06."> Accelerated degradation is
not an approach that is restricted to studying the weathering
of CNT-PNCs weathering. For example, Pillai et al. submerged
quantum dot (QD)-low density polyethylene PNCs in either
water or 3% acetic acid, and heated the system to 75 °C for
up to 15 days to accelerate release in a manner similar to the
protocol developed by the FDA to study the migration of com-
ponents from food contact materials."® By using conventional
ICP-MS to detect dissolved elements (Cd, Se, Zn, and S) indic-
ative of released QDs, they were able to determine release
mechanisms and identify that release in this system is driven
largely by particle dissolution and impacted by QD size."®

The extent of CNT release during weathering of CNT/PNCs
has been reported to vary considerably depending on the de-
tails of the release scenario, as defined by both the CNT-PNC
and the environmental conditions to which it is exposed.
Thus, Wohlleben et al. did not find any evidence for the
spontaneous release of CNTs following the weathering of
CNT-polyurethane  nanocomposites."””  However, using
radiolabelled CNTs (**C-CNT), Rhiem et al. estimated that
following a UV dose equivalent to three years of natural expo-
sure in Florida, 64 mg CNT m > released from a polycarbon-
ate polymer nanocomposites and that photodegraded poly-
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mers were more likely to release CNTs at the end-of-life
disposal scenarios."® In a review of over a dozen studies on
the weathering of CNT-PNCs,"® Schlagenhauf et al. found that
the quantification of released CNTs was left largely
unaddressed. However, four of these studies did attempt to
monitor CNT release through characterization of released
material with TEM imaging® or analytical ultracentrifuga-
tion'*'”?! and in two studies, it was concluded that CNT re-
lease was unlikely to have occurred based on SEM imaging of
the surrounding sample holder'® or AFM scratch lithography
of the weathered PNC surface."> Wohlleben et al. provided a
more quantitative assessment in a review of 27 different
nanocomposite materials weathered under the ISO 4892 pro-
tocol and found their release rates (mg MJ ' of UV) to span
five orders of magnitude.>” Regarding CNT-PNCs specifically,
release rates spanned roughly 0.05 mg MJ™' (CNT - cross-
linked polyurethane) to 8 mg MJ™* (CNT - epoxy).

A constant challenge that pervades CNT release studies is
that CNTs are released from CNT-PNCs at concentrations at
or below the CNT detection limit of most analytical tech-
niques. As a result, CNT release is often expressed in qualita-
tive terms without quantification of released CNTs or the
form of the released CNTs (embedded within polymer frag-
ments or purely as CNTs) identified. As highlighted in a re-
cent review,>* while many techniques currently exist that are
capable of detecting CNTs, each technique has its own
unique set of limitations. For example, although UV-vis
spectroscopy is an inexpensive and readily available analytical
method to measure the concentration of suspended CNTs,**
it lacks both the sensitivity needed to detect the low concen-
trations of CNTs expected to be released from CNT-PNCs and
the selectivity to distinguish CNTs from other naturally occur-
ring environmental particles. In contrast, although transmis-
sion electron microscopy has the requisite sensitivity to iden-
tify release engineered nanomaterials and can directly image
and confirm the presence of CNTs>* as well as resolve their
form (individual tubes vs. embedded in polymer fragments),
it is costly, time consuming, and not an intrinsically quanti-
tative technique. Near infrared fluorescence is both quantita-
tive and can detect CNTs in environmental matrices, but it
requires CNTs that are both well dispersed and of a specific
chirality (semi-conducting).”®*” Scintillation counting of **C-
labelled carbon nanotubes may also be used to quantify CNT
release following weathering,'® however '“C-labelled-CNTs
are inherently expensive, difficult to synthesize and require
specialized apparatus to be detected. One approach that com-
bines sensitivity with selectivity for CNT detection involves
the use of ICP-MS to measure metal nanoparticles, intimately
bound to the CNTs, as a means to quantify CNT release. For
example, following the abrasion of 1% (w/w) CNT-epoxy sam-
ples, Schlagenhauf et al. collected submicron sized fragments
(PM,), submerged them in dilute nitric acid, and measured
the dissolved metal ion concentration with ICP-MS as a route
to quantify protruding and free standing CNTs, under the as-
sumption that only exposed CNTs would lead to their bound
metal nanoparticles being available for dissolution. From
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their findings, they estimate that for every one gram of mate-
rial abraded, PM; particles produced will have 40 pg of
MWCNTs protruding from epoxy fragments and just 0.4 ug of
MWCNTSs will be free standing.>®

The present study focuses on developing a detailed, mech-
anistic understanding of CNT-PNC photodegradation. A key
experimental component of the present study was the use of
single particle inductively coupled plasma mass spectrometry
(sp-ICP-MS) to analyze released CNTs through the use of
metal nanoparticles, residual from CNT synthesis, as proxies
for CNT detection.?**° This novel approach to analysis of re-
leased CNT distinguishes itself from the characterization
techniques discussed above due to the fact that it can simul-
taneously quantify the concentration and characterize the
form of released CNTs from data collected during a single
analysis of a given sample. In order to develop a more funda-
mental mechanistic understanding of how CNTs influence
the photodegradation of CNT-PNCs and CNT release charac-
teristics, we have selected to photodegrade CNT-PNCs com-
posed of SWCNTs and poly-e-caprolactone (PCL) with UVC
light; 254 nm irradiation was used to accelerate the rate of
photodegradation because it is close to the absorption maxi-
mum in the ester's © to n* band (Fig. SI 11). SWCNTs were
selected, as opposed to more commercially relevant
MWCNTs, due to the presence of residual yttrium nanoparti-
cle catalysts remaining intimately bound to the SWCNTs.
These Y nanoparticles act as proxies for the SWCNTs and al-
low for their detection and quantification with sp-ICP-MS.*°
Additionally, because SWCNTs and MWCNTs produced from
a variety of different methods all share similar extinction co-
efficients, the light attenuating behavior of the SWCNTs uti-
lized in this study will likely be similar to other CNT-PNCs.
PCL was chosen because it is both photolabile and because
CNT-PNCs can readily be prepared with well-defined proper-
ties via solution blending. PCL also possesses characteristic
spectral features in both infrared (IR) and X-ray photoelec-
tron (XP) spectroscopies that allow for the extent of its degra-
dation to be accurately monitored. A particular point of em-
phasis in this study was to elucidate the role that CNT
loading plays in regulating the extent of CNT release and
polymer degradation during weathering. Indeed, although
CNT-PNCs contain a range of different CNT loadings (typi-
cally in the range of 0.1-5% wt), there is a surprising lack of
information on the role that CNT loading plays in determin-
ing the kinetics of CNT-PNC photodegradation as well as
CNT release. To address this issue, we studied photo-
degradation on CNT-PNCs prepared with a range of CNT
loadings (0-5 wt%). By monitoring changes to the polymer
on both the macroscopic level (mass loss) and molecular
level (IR and XPS), and acquiring information on released
fragments during CNT-PNC photodegradation, we are able to
compare the extent of polymer degradation to the magnitude
and rate of CNT release. Collectively, this information on re-
leased material and the remaining photolyzed nano-
composite enables us to identify the mechanism by which
CNTs influence the rate and extent of polymer photo-
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degradation, as well the dependence of CNT release charac-
teristics on initial CNT loading and irradiation time.

2 Experimental methods
Chemicals

Chloroform and tetrahydrofuran (Fisher Scientific) were used
without further purification or drying. HPLC grade water was
purchased from VWR International. Ethyl cellulose (EC),
poly-e-caprolactone (PCL) and sodium deoxycholate (SDC)
was purchased from Sigma Aldrich; for PCL, the manufac-
turer reports the number-average molecular weight (Mn
45000). Single-walled carbon nanotubes (SWCNTSs) were pur-
chased from Carbon Solutions, Inc (Product number: AP-
SWNT). The AP-SWNT sample is described by the manufac-
turer to be “as prepared” and not purified. They were used as
received and characterized with TEM imaging (Fig. SI 21) and
Raman spectroscopy. Raman spectra (Fig. SI 37) of the
SWCNTs is dominated by the G band, indicating a high level
of SWCNT purity and a relative lack of damage to the side-
walls. Raman spectra also contain two well defined radial
breathing modes at 155 cm™* and 176 cm™* (with a third
mode potentially at 188 ¢cm '), corresponding to a SWNCT
tube diameter of 1.4-1.6 nm.**

Nanocomposite preparation

All CNT-PNCs were prepared via solution blending.** This
technique allows for both a high degree of SWCNT dispersion
and batch to batch consistency between composites. Charac-
terization using SEM found no signs of SWCNT clumping or
aggregation at the surface (Fig. 3). In addition to CNT-free
PCL, nanocomposite samples were prepared at three SWCNT
mass loadings (% w/w): 0.25% SWCNT, 1.5% SWCNT, and
5.0% SWCNT. Nanocomposites were prepared by first
weighing out the required mass of SWCNT powder and

Glass substrate
PNC

bind
—nd s

Submerge
and irradiate

Fig. 1 (Top) Polymer nanocomposites (PNC) prepared by solution
blending with a poly-¢-caprolactone (PCL) polymer matrix and 0-5%
(by weight) SWCNT nanoparticle filler. (Bottom) Samples are bound to
a glass slide using Teflon tape, submerged in water, and irradiated in a
quartz test tube.
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Fig. 2 Mass loss of SWCNT-PCL nanocomposites with varying SWCNT

loading (% w/w) following incremental periods of irradiation with 254

nm light. The average initial mass of all samples used in the study is
31.0 mg (£2.3 mq).

adding it to a 50 mL Erlenmeyer flask. Next, 21 mL of THF,
21 mL of chloroform, and 31.5 mg of EC were added. EC is
required to create well dispersed SWCNTs in the nano-
composites; 31.5 mg was sufficient to disperse all SWCNT
masses used in this study and prevented any visible SWCNT
aggregation in the suspensions.

To create a uniform SWCNT dispersion the flask
containing the mixture of SWCNT, EC, chloroform and THF
was sealed with a septa, partially submersed in a low power
(70 W) bath sonicator (Branson 1800) and sonicated for 3
hours. PCL (420 mg) was then added to this solution and the
PCL/SWNCT mixture sonicated for an additional hour. The fi-
nal solution was poured, in 6 mL portions, into 7 separate
Fisherbrand disposable aluminum dishes which were then
covered with a cardboard box, and allowed to dry overnight
at room temperature. Circular nanocomposite samples, re-

0 days Exposure
ke = v

0.25%CNT

5.0%CNT

20 days Exposure
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ferred to as coupons (approximately 30 um thick and 40 mm
in diameter), were formed as the solvent mixture evaporated.
All nanocomposites were allowed to dry for at least one addi-
tional day in a desiccator prior to characterization and UV ir-
radiation. Examples of CNT-PNCs with different CNT load-
ings are shown in Fig. 1. The average starting mass of the
nanocomposite samples used in this study was 31.0 mg (+2.3
mg). Hereafter, PCL samples free of CNTs are referred to as
PCL/EC, while PCL samples free of CNTs and EC are referred
to as PCL.

UV irradiation of polymer nanocomposites

Polymer nanocomposites were irradiated in a RPR-100
Rayonet photochemical reactor by 16 cylindrically oriented
low pressure mercury lamps (purchased from The Southern
New England Ultraviolet Co.). To accelerate photo-
degredation, irradiation was performed principally at 254 nm
(UvC) with the fluence = 1.62 x 10" photon per second, as
determined by actinometry.** Additionally, 300 nm (UVB) was
used in some comparative control studies to assess photo-
degradation in more environmentally relevant conditions.
During irradiation, the temperature in the reactor was
maintained at =30 °C by an internal fan. To prepare CNT-
PNC samples for irradiation, individual nanocomposite sam-
ples were weighed and bound to a glass slide by thin strips
of Teflon tape. These samples were then placed upright in a
15 mL quartz test tube (Fig. 1). Each test tube was subse-
quently filled with 12 mL of HPLC grade water and sealed
with septa to prevent supernatant evaporation; the septa was
wrapped with aluminum to prevent its photodegradation.
Samples were submersed in water for the entire period of ir-
radiation to ensure that all released nanomaterial is captured
for subsequent sp-ICP-MS analysis. Up to 12 samples, each in

125 days Exposure

Fig. 3 SEM imaging shows CNT accumulation on the surface of 5.0% CNT sample following UVC exposure. Lower CNT loading samples do not

show visible SWCNT accumulation.
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individual test tubes could be irradiated simultaneously in a
rotating carousel. Samples used in this study were continu-
ously irradiated for time periods ranging from 0 hours up
through, and including 125 days.

Supernatant collection

Two different methods were used to determine SWCNT re-
lease from irradiated nanocomposites.

i) Incremental SWCNT release. This approach was adopted
for the PCL/EC, 0.25% CNT-PCL, and 5.0% CNT-PCL samples
which were irradiated for 20, 40, 80, and 125 days. Four sam-
ples at each CNT loading (a total of 12 individual coupons)
were studied with this incremental sampling scheme. During
the initial 20 day period of irradiation, the supernatant from
all 12 samples were collected and fully replenished every 5
days (days 5, 10, 15 and 20). On each sampling day, the nano-
composite samples were removed from the test tube. 100 pL
of 2% SDC was then added to the solution remaining in the
test tube before the contents were transferred into a clean
glass vial. The empty test tube was then cleaned with soapy
water and rinsed vigorously before the glass slide containing
the nanocomposite sample was returned. At this stage the
test tube was refilled with 12 mL of HPLC grade water,
resealed and irradiation resumed for another five day period.
The addition of SDC surfactant to the supernatant prior to
collection was done to ensure that all of the released
SWCNTs and SWCNT-containing polymer fragments were dis-
persed into solution. Due to volume requirements, release
supernatants generated from the 0-5 day and 6-10 day irradi-
ation periods were combined, as were the supernatants col-
lected from 11-15 days and 16-20 days.

After 20 days of irradiation had elapsed, one nano-
composite from each SWCNT loading (PCL/EC, 0.25% CNT-
PCL, and 5.0% CNT-PCL) was removed from the photo-
chemical reactor, dried for one day in a desiccator, weighed,
and then characterized by scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS). These
remaining samples were exposed to a total of 40, 80, or 125
days of irradiation. For these longer periods of irradiation,
the supernatant was not periodically collected and
replenished, as it was for the first 20 days, but instead col-
lected at the conclusion of sample exposure. At the end of 40,
80, or 125 days one nanocomposite from each SWCNT load-
ing was removed from the photochemical reactor, dried,
weighed and characterized. The release supernatant from
each nanocomposite was analyzed by single particle induc-
tively coupled mass spectrometry (sp-ICP-MS).

ii) Cumulative SWCNT release. A different sampling ap-
proach was used for 1.5% SWCNT-PCL nanocomposite sam-
ples. In these experiments 14 samples were irradiated for a
total of 2, 5, 10, 20, 40, 80, or 125 days (duplicate samples for
each time point) and the supernatant was allowed to accumu-
late for the entire duration of exposure. At the end of each ex-
posure time, two nanocomposites were removed from their
glass substrates, dried, weighed and then characterized. The
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release supernatant remaining in the test tubes after each
time point was collected in a glass vial and analyzed for
SWCNT by sp-ICP-MS analysis after the addition of 2% SDC,
following the same procedure described in i).

Determination of CNTs in “release supernatants” by single
particle ICPMS (sp-ICPMS)

Prior to sp-ICP-MS analysis, 1 wt% of surfactant was added to
each “release supernatant” along with a 30 min period of
sonication to ensure that all released CNTs were suspended.
Samples were then diluted to a concentration suitable for sp-
ICP-MS analysis. After each dilution, solutions were placed in
15 mL polypropylene centrifuge tubes and sonicated (Fisher
FS60H bath sonicator, Pittsburgh, PA) for 15-20 minutes.

Single particle ICP-MS analysis was performed to deter-
mine the SWCNT content of the release supernatants using
89y pulses as surrogates for SWCNT detection, as detailed in
Reed et al.*> All sp-ICP-MS analyses were performed in tripli-
cate using a NexION 300Q ICP-MS (Perkin Elmer, Waltham,
MA). Data collection used a dwell time of 0.1 ms, with 60 sec-
ond total acquisition time. The sample introduction flow rate
was 0.3 mL min~". To determine the background *°Y signal
Nanopure water was analyzed by sp-ICP-MS at the beginning
of each experiment. Data collection and sp-ICP-MS calcula-
tions were performed using the SyngistixTM (version 1.0)
Nano Application Module, with additional data processing
being performed using EXCEL. The Syngistix software was
used to determine the background counts, and any readings
that were greater than 3 sigma above this background were
considered to be a possible CNT entering the plasma. To dis-
criminate these readings from random noise they were fur-
ther examined, and only those that were part of two or more
consecutive readings greater than 3 sigma above the back-
ground were considered part of a pulse generated by a CNT.
All consecutive readings that occurred above background inten-
sity were combined to provide the total intensity of that CNT.

The ICP-MS was tuned daily with Perkin Elmer NexION
Setup solution (1% HNOj;, 10 ug L™ Be, Ce, Fe, In, Li, Mg,
Pb, U, Perkin Elmer, Waltham, MA). Dissolved Au calibration
solutions (0, 2, 5, 10 ug L") were prepared using Claritas PPT
(SPEX Certiprep, Metuchen, NJ) ICP-MS standards and 2%
hydrochloric acid (Optima, Fisher Chemical, Fair Lawn, NJ).
A gold NP standard (56 nm, National Institute of Standards
and Technology (NIST) RM 8013, Gaithersburg, MD) was di-
luted to 500 ng L™* from the stock 50 mg L™ (~2.98 + 0.04 x
10" particles per mL) solution with 18.2 MQ cm ™ Nanopure
water (Barnstead Nanopure Diamond, Lake Balboa, CA) and
analyzed to determine transport efficiency.*® Similarly,
dissolved yttrium ion calibration solutions (0, 1, 2, 5 pg L™
were prepared using Claritas PPT ICP-MS standards and 2%
nitric acid (Optima, Fisher Chemical, Fair Lawn, NJ) to estab-
lish instrument sensitivity to *°Y and to allow the total NP
mass in each pulse to be determined.

To directly establish the relation of the sum of %Y re-
sponse determined by sp-ICPMS with CNT mass
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concentration, CNT solutions (0, 100, 500, 1000 ng L") were
prepared by suspending a known mass of SWCNTs in a
known volume of ultrapure water (HPLC grade) containing 1
wt% sodium deoxycholate (Sigma-Aldrich, Saint Louis, MO).
A bath Branson 1510 ultrasonicator (Danbury, CT) was used
to suspend CNTs overnight. Because this suspension was not
immediately characterized following its preparation, the dilu-
tions prepared from it were sonicated for 30 minutes imme-
diately prior to sp-ICP-MS analysis to debundle any CNTs that
may have aggregated. This ensures that particle number mea-
surements from the sample are accurate. A calibration curve
was constructed between the known CNT mass in suspension
and the %Y response (Fig. SI 41) so that release supernatants
containing an unknown CNT concentration could be mea-
sured and quantified.

Characterization of nanocomposites

Surface chemical characterization

i) X-ray photoelectron spectroscopy (XPS). Surface analysis
of CNT-PNC samples was performed before and after periods
of irradiation by XPS using a PHI 5600 with Mg Ko X-ray
(1253.6 eV) radiation. Prior to analysis, samples were dried
overnight in a desiccator and were cut to size and affixed to a
sample stub by copper tape. Quantitative analysis of the car-
bon (C(1s)) and oxygen (O(1s)) regions was completed using a
pass energy of 58.7 €V, 10 sweeps, and a step size of 0.125
eV. XPS data analysis was performed with CasaXPS. Survey
scans were also collected to ensure samples were free of
contamination.

ii) Attenuated total internal reflectance-infrared spectroscopy
(ATR-FTIR). ATR-FTIR was performed on select nano-
composite samples before and after specific periods of irradi-
ation. Spectra were collected with a Nicolet iS5 FT-IR spectro-
meter, equipped with a diamond window. Prior to analysis,
all samples were dried overnight in a desiccator. The manu-
facturer reports a sampling depth of approximately two
microns for the diamond window. Samples were analyzed at
a resolution of 0.482 cm ™', with 32 scans. Each ATR-FTIR was
referenced to the ambient atmosphere.

Morphological characterization

iii) Scanning electron microscopy (SEM). SEM was
performed using a Jeol 6700F, FESEM. Nanocomposite
samples were dried overnight in a desiccator and mounted
on a conductive metal stub with copper tape prior to
imaging. To minimize charging, all samples were sputter
coated with platinum for 300 seconds, at a rate of 2 nm per
minute. For each sample imaged, four locations on the
surface were randomly selected and imaged at increasing
magnifications.

3 Results

Effect of photolysis on CNT polymer nanocomposites

Mass loss. Fig. 2 displays the percent mass loss of
SWCNT-PCL composites with different SWCNT loadings
(PCL/EC, 0.25%, 1.5%, 5%) as a function of the irradiation
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time. Regardless of the SWCNT loading, the dependence of
mass loss on irradiation time follows a qualitatively similar
trend. All nanocomposites exhibit their most significant pe-
riod of mass loss during the first 20 days of irradiation. For
periods of irradiation in excess of 20 days the rate of mass
loss slows and after day 40, no significant additional nano-
composite mass loss occurs. Although the qualitative trend
in mass loss was similar for the various nanocomposites
studied, the absolute magnitude of mass loss observed was
strongly attenuated as the SWCNT loading increases. Thus,
following 20 days of UVC exposure, PCL/EC, 0.25% CNT,
1.5% CNT, and 5.0% CNT samples lost 35.3%, 16.8%, 7.3%,
and 4.5% of their mass, respectively. The final mass loss for
the four loadings after 125 days irradiation is measured to be
44.9%, 23.9%, 10.6%, and 7.4%, respectively, (with the abso-
lute measured mass loss shown in Fig. SI 5t).

In experiments using a longer wavelength of light more
representative of sunlight, PCL/EC irradiated with UVB light
also showed photodegradation and mass loss albeit at de-
creased magnitude and rate, as compared to PCL/EC irradi-
ated with UVC. Specifically, UVB irradiation of PCL/EC follow-
ing 20 and 40 days of exposure produces a mass loss of
3.18% and 6.44%, respectively. In contrast, following 20 and
40 days of UVC exposure, PCL/EC has lost 35.3% and 40.0%
of its mass, respectively.

Nanocomposite characterization. A comprehensive suite
of characterization techniques was employed to track the sur-
face composition (XPS), chemical structure (ATR-FTIR), and
morphology (SEM) of the nanocomposites as they photo-
degraded. Previous studies have utilized spectroscopic char-
acterization of the polymer matrix following increasing pe-
riods of exposure to both track degradation of the polymer
structure’®'*?” and the accumulation of embedded nano-
particles at the surface;'®*® we utilized spectroscopic charac-
terization to monitor polymer degradation as a function of
both irradiation time and initial CNT loading.

Surface morphology. Fig. 3 shows how the surface mor-
phology of 0.25% CNT and 5.0% CNT nanocomposite sam-
ples evolve after 0, 20, and 125 days of UVC irradiation. All of
the samples exhibited nearly identical initial surface mor-
phology: smooth and lacking any defining features, including
the absence of any observable SWCNTs (see Fig. 3 and SI
6At). Following 20 days of UVC exposure, the surface mor-
phology of each sample has changed. On the surface of the
5.0% CNT sample, SWCNTs have accumulated to form a
dense mat. While SWCNTs dominate the surface morphol-
ogy, a small number of somewhat smoother regions devoid
of SWCNTs are also observed. Such CNT mat formation has
been observed previously by Nguyen et al,'”**® Ging
et al,*® and Hirth et al® following UV exposure of CNT-
epoxy PNCs. The accelerated weathering of CNT-
polyoxymethylene also found CNT's on the surface of the
PNC.*" In contrast to the behavior of the 5.0% CNT samples,
on the surface of the PCL, PCL/EC (Fig. SI 6B and Cf¥), and
0.25% CNT samples, bulbous spherical structures approxi-
mately 500 nm in diameter have formed and are distributed
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across the sample. SWCNTs, however, are not observed on
the surface of the irradiated 0.25% CNT sample. Higher mag-
nification SEM images of the 0.25% CNT sample confirms
the absence of CNTs at the surface (Fig. SI 77).

Following 125 days of irradiation, the dense and continu-
ous CNT mat persists on the surface of the 5.0% CNT nano-
composite, with no signs of fragmentation or perforation.
The PCL/EC and 0.25% CNT samples also retain a similar
surface morphology to that observed following 20 days of ir-
radiation. Additionally, the surface morphology of the 1.5%
CNT sample, not shown, was found to be similar to the PCL/
EC and 0.25% CNT samples following 0, 20, and 125 days of
irradiation. An absence of observable CNTs at the surface fol-
lowing photolysis of CNT-PNCs has been previously docu-
mented by Schlagenhauf et al., in the study of 1% CNT-epoxy
composites.”

Surface chemistry. Fig. 4a shows XPS data, demonstrating
how the C(1s) region of the 1.5% CNT nanocomposite
changes as a function of UVC exposure. The corresponding
XPS data for the PCL, PCL/EC, and other nanocomposite
samples are shown in Fig. SI 8 and SI 9,f respectively. Inspec-
tion of Fig. 4a reveals that the intensity of the ester peak ob-
served at 288.5 eV decreases rapidly during the initial period
of UVC exposure followed by little to no change for days 20
through 125. This behavior is similar to the changes observed
for PCL (compare Fig. SI 8A-C¥), PCL/EC (compare Fig. SI 8A
and Bf) and all other nanocomposites (Fig. SI 97), with all
samples showing a rapid decrease in the ester peak over the
first ~20 days of irradiation but little to no change thereafter.
Fig. 4b depicts the O:C ratio, as measured by XPS, of the
1.5% CNT nanocomposite samples as a function of irradia-
tion time, which decreases by ~50% through the first 40 days
of irradiation before remaining constant thereafter.

ATR-FTIR was used to probe changes that occur to the
chemical bonding within the near surface region (~2 pm) of
the PNCs as a result of UVC irradiation. Pure PCL, PCL/EC,
and all nanocomposite samples were analyzed prior to UVC
exposure and then again following 125 days of irradiation, as
shown in Fig. 5a. Prior to irradiation, the ATR-FTIR of each
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sample was identical to literature spectra of PCL** with ab-
sorption bands at 2866 cm™* and 2942 cm™* due to the sym-
metric and asymmetric C-H stretching modes of the alkyl
carbon atoms. In addition to the characteristic fingerprint re-
gion of PCL <1500 cm ™", each sample also exhibits a sharp
and intense ester stretch at 1720 cm™' due to the ester
group.”” No spectroscopic signature of CNTs was observed.
Following 125 days of irradiation, the IR intensity in the C-H
stretching region is relatively unchanged following irradiation
regardless of CNT loading, with each sample still exhibiting
an absorption band at 2866 cm ™, although subtle changes to
the spectral envelope have occurred. Specifically, two small
new bands appear at 2959 cm™' and 2925 ecm™', replacing the
band originally observed at 2942 cm™". No other new features
or absorption bands are observed as a consequence of photo-
lysis. Although the C-H stretching region remains relatively
unchanged after 125 days irradiation, inspection of Fig. 5a re-
veals that the intensity of the ester peak and signatures of
PCL in the fingerprint region decrease for all samples. How-
ever, as the CNT loading increases the extent to which these
spectral features decrease in intensity decreases significantly.

Fig. 5b and c quantify the relationships between CNT
loading, mass loss, and the depletion of the ester groups in
the near surface region, the latter measured by ATR-FTIR. We
observe that the mass loss of PNCs and the fractional de-
crease in the ester group's concentration in the near surface
region, following 125 days of UVC exposure, both decrease
with increasing CNT loading®® (Fig. 5b). Moreover, Fig. 5¢
demonstrates that there is a linear relationship (R* = 0.98)
between the fractional decrease in the ester group's near sur-
face concentration and the extent of polymer mass loss.

Carbon nanotube release and detection

Fig. 6a is a representative TEM image of the SWCNTs used in
this study. Residual metal nanoparticles, left over from the
fabrication process, are clearly observed attached to the
SWCNTs, with most appearing to be fully encapsulated by
carbonaceous material. The manufacturer reports a total

0 days UVC exposure

———- 2days /l.

————— 40 days \
————— 125 days ‘

fodn; \
\ i \

292 290 288 286 284 282
a) Binding energy (eV)

0.3 1,
0 LI
® 0.2 | .
3] e . e .
o
0.1 1
0.0 ' , : : , -
0 20 40 60 80 100 120
Duration of UVC exposure (days)

Fig. 4 Transformations in (a) the C(1s) region and (b) O: C ratio of the 1.5% CNT composites as a function of UVC irradiation. The largest changes
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polymer matrix).

metal content of <30%, by mass. In all images captured, no
free metal nanoparticles were observed. The nanoparticles
are roughly spherical with an average diameter of 15-20 nm,
although the number of nanoparticles per nanotube is very
heterogeneous.
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sp-ICP-MS analysis of carbon nanotubes. The yttrium sp-
ICP-MS signal, obtained for a suspension of 1 ppb SWCNTs,
is shown in Fig. 6b. For such dilute suspensions of CNTs, sp-
ICP-MS data display discrete pulses in element intensity. The
generation of each pulse is a result of metal nanoparticle
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containing CNTs entering the ICP-MS and being ablated. In
this study, the signal and pulses utilized for sample analysis
are generated by the yttrium nanoparticles associated with
CNTs. Each *°Y pulse is a result of a single CNT, a CNT bun-
dle, or a polymer fragment containing multiple CNTs. This
view, that 7Y pulses are associated with CNTs is supported
by both the lack of free metal nanoparticles observed by TEM
and by the magnitude of the pulses observed by sp-ICP-MS.
Based on the dissolved ®?Y calibration curve a yttrium nano-
particle <20 nm should produce a pulse of 2-4 counts per
dwell time, with a small variation in pulse intensity.>° In con-
trast, most pulses observed for the CNT suspensions have
intensities greater than what would be expected from the in-
dividual metal catalysis NPs observed in the TEM images.
However, due to the variability in the size and number of at-
tached yttrium particles, the *°Y pulse intensity varies consid-
erably between SWCNTs. Each pulse contains the intensities
in consecutive, non-background dwell times. In order to bet-
ter interpret the data, all pulses are collected into bins and
divided by the total intensity for that sample. Following this
convention, the resulting fractional mass distribution for the
data shown in Fig. 6b, is given in Fig. 6¢, which reveals that
of 4572 pulses detected, 48% of the total mass of yttrium
measured is from 3680 nanoparticles with pulse intensities
of 4-10 *7Y counts. Only 20 SWCNTs were measured to have
pulse intensities greater than 100 *’Y counts, and they
accounted for less than 0.5% of the total measured mass.
Only two pulses were detected that resulted in intensities
greater than 300 *°Y counts.

sp-ICP-MS analysis of the “release supernatant” generated
from PCL/EC during photodegredation. The sp-ICP-MS signal
obtained for the supernatant of PCL/EC following 10 days of
UVC exposure is shown in Fig. 6d; the lack of pulses indicate
that pure PCL does not release nanoparticulate yttrium, as
expected. Thus, out of 600000 total dwell times recorded,
98.5% are 0-3 counts. Only 10 total pulses are measured to
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be greater than 10 counts (false positive detections), are not
of statistical relevance, and attributed to trace amounts of yt-
trium found in the sample or solution.

sp-ICP-MS analysis of the “release supernatant” generated
from CNT-PNCs during photodegradation

(i) Measured vs. predicted SWCNT mass release. Integration
of the ®9Y signal allows the total mass of SWCNTSs released to
be determined using the calibration curve obtained with the
SWCNT dispersions (Fig. SI 4f). Fig. 7a displays the
cumulative SWCNT mass released from each nanocomposite
into solution during different periods of photolysis. Fig. 7b
depicts the predicted cumulative CNT release mass assuming
that as polymer mass is lost, CNTs release proportionally
with the polymer based on the initial CNT loading. A
summary of the measured and predicted/proportional mass
loss of SWCNTs from 0.5%, 1.5% and 5% CNTs during
different stages of photolysis is provided in Table 1. We note
that the error depicted in Fig. 7a and shown in Table 1 for
the 0.25% CNT and 5.0% CNT samples was calculated by the
summation of the samples' independent uncertainties.** In
separate control experiments the extent of CNT release from
nanocomposite samples that were not irradiated but were
submerged in water under the same conditions used for the
photolysis experiments was assessed. For all nanocomposite
samples, submersion resulted in <0.1 pg CNT release.
Consequently, all of the SWCNT released in this study are a
result of PNC photodegredation.

From knowledge of the PNC mass, the CNT loading and
the SWCNT mass released we can also determine the fraction
of SWCNTs released at different stages of the photo-
degradation process. This analysis reveals that, for the same
period of photolysis, the fraction of SWCNTs released de-
creases as the CNT loading increases. Thus, the 0.25% CNT
sample lost 3.9% of its total CNTs during the first ten days of
exposure, 1.1% from days 11-20, and 0.7% of initial CNTs
during the last 21-125 days of exposure. In contrast, during
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CNTs are lost at the same rate as the polymer.
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(A) Cumulative CNT release plateaus within the first 40 days of exposure and is less than the predicted release of CNTs (B), assuming
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Table 1 Cumulative release of SWNCTs measured by sp-ICP-MS shown
in Fig. 7, from PCL/CNTs with different CNT loadings. Measured values
are compared to the values predicted assuming that the rate of CNT
mass loss is equal to the rate of polymer mass loss. Units are pug of
SWCNTs released into solution

0-20 days 0-125 days

Measured Predicted Measured Predicted

0.25% CNT  3.66 (+0.56)  13.76 4.19 (+0.56)  18.63
1.5% CNT  13.97 32.55 21.88 47.78
5.0% CNT  31.79 (+7.63) 73 35.46 (+7.63)  118.5

the same intervals of irradiation, the 5.0% CNT sample lost
1.6%, 0.5%, and 0.4% of the CNTs initially present,
respectively.

(ii) Functional form of SWNCT released. Fig. 8 displays the
raw and processed sp-ICP-MS data collected for the 5.0%
CNT nanocomposite during the initial (0-10 days), intermedi-
ate (11-20 days), and final (21-125 days) irradiation intervals.
The data are binned by increasing *’Y pulse intensity (i.e.
particle mass) and plotted as the fractional mass distribution
of the SWCNTs detected in those intervals. During the first
10 days of irradiation (Fig. 8a), the largest number of yttrium
pulses, as well as the most intense pulses, are detected. Dur-
ing the subsequent periods of irradiation, the pulse number
and intensity steadily decrease, as shown in Fig. 8b and c. It
should be noted that the lack of any increase in the back-
ground signal (0-4 counts) during PNC-CNT photolysis indi-
cates that *°Y is not being released from the CNT-polymer
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matrix as ions or as individual 20 nm yttrium NPs (both of
which would increase the background signal rather than be
detected as a discrete pulse), but rather as multiple NPs still
attached to the SWCNTSs.

Fig. 9 displays the sp-ICP-MS data collected for the 0.25%
CNT nanocomposite during the same initial (0-10 days),
intermediate (11-20 days), and final (21-125 days) irradiation
intervals described above for the 5.0% CNT samples, as well
as the mass distribution of the SWCNTs detected from those
intervals. Unlike the 5.0% CNT sample, in which a large
number of particle detection events (pulses) are detected dur-
ing each period of exposure, the 0.25% CNT samples released
substantially less particles: during the initial, intermediate,
final irradiation intervals; only 1021, 653, and 632 total parti-
cles are detected, respectively.

4 Discussion
Control studies

(i) Ethyl cellulose (EC). EC was used as a natural surfac-
tant to stabilize the CNTs in solution during nanocomposite
preparation. Although EC was present in all of the nano-
composites, the weight percentage (7.5% w/w) was held con-
stant regardless of the SWCNT loading, so that the effect of
SWCNT loading could be isolated. To verify that the addition
of EC had no measureable impact on the photodegradation
process, we conducted control studies on PCL coupons pre-
pared with and without EC (7.5% w/w). Results from these
studies demonstrate that the addition of ethyl cellulose did
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Fig. 8 (a)-(c) Raw sp-ICP-MS data collected for 5.0% CNT nanocomposites with increasing duration of UVC exposure. (d)-(f) Y mass distribution
for each period of exposure, with the corresponding number of particles detected noted above each bin.
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Fig. 9 (a)-(c) Raw sp-ICP-MS data collected for 0.25% CNT nanocomposites with increasing duration of UVC exposure. (d)-(f) Y mass distribution
for each period of exposure, with the corresponding number of particles detected noted above.

not significantly alter the rate of photodegradation, with only
a 5% difference in mass loss during the first 20 days of irra-
diation between PCL/EC and PCL samples (35.6% vs. 40.8%,
respectively). Moreover, the photodegradation pathway, as de-
termined by XPS (compare SI 8A to SI 8B and compare to SI
8Ct), ATR-FTIR, and SEM (Fig. SI 6B and Cf¥), reveals that the
same chemical and structural changes occurred following ir-
radiation, irrespective of the presence of EC.

(ii) 300 nm vs. 254 nm irradiation. Studies were also car-
ried out in which PCL/EC samples were irradiated with 300
nm light (UVB). 300 nm light is on the edge of the ester
group's absorption band (Fig. SI 1) and also constitutes a
small but measureable flux of photons (approximately 1.2%)
reaching the earth,”® although the absolute flux reaching the
surface depends on the local climate. We observed that PCL/
EC photodegraded at 300 nm by cleavage and loss of the es-
ter functionality (Fig. SI 8D¥), albeit at a slower rate than at
254 nm, as found by mass loss measurements. Irradiation
with 300 nm light also produced qualitatively similar changes
in surface morphology to those observed following irradia-
tion with 254 nm light (compare Fig. SI 6B and D7), although
the spheres were smaller (<200 nm in diameter), and far
fewer were observed. These results support the idea that the
use of 254 nm represents a form of accelerated photo-
degradation, mimicking the same degradation process that
the polymer would experience in the natural environment.

Comparing power data collected by the UV-B Monitoring
and Research Program,®” we can estimate that at 300 nm our
photochemical reactor accelerates photodegradation by a fac-

This journal is © The Royal Society of Chemistry 2017

tor of approximately 100. Since our experimental data indi-
cates that the use of 254 nm rather than 300 nm light acceler-
ates photodegradation by an addition factor of 10, we can
estimate an accelerated photodegradation rate on the order
of 10° as compared to “natural” outdoor conditions.

PCL photodegradation in the absence of CNTs

Poly-g-caprolactone (PCL) [-(CH,)sCOO-], was selected as the
polymer matrix because of its ability to form well dispersed
CNT composites and its relative ease of photodegradation,
the latter a consequence of its molecular composition, specif-
ically the presence of photolabile ester groups. Additionally,
PCL's ester group provides characteristic spectral features in
both ATR-FTIR and XPS that allow for the extent of photo-
degradation to be quantified spectroscopically.

Kinetics and mechanism of photodegradation. To evaluate
the effect of CNT inclusion, it is first necessary to understand
the photodegradation of PCL in the absence of CNTs. Direct
photoexcitation into the ester's m to n* band initiates PCL
photodegradation and results in a 35% mass loss during the
first 20 days of exposure (Fig. 2). However, only 5% more
mass loss was observed in the following 20 days of irradia-
tion. For irradiation times in excess of 40 days, very little ad-
ditional mass loss was observed, reaching a plateau of ap-
proximately 45% mass loss following 125 days of photolysis
(Fig. 2). XPS characterization of PCL/EC samples, measured
as a function of irradiation time, reveal that the rate of mass
loss is correlated with the relative concentration of ester
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groups in the near surface region, consistent with a Norrish
Type II reaction (compare SI 8A to SI 8B, and observe spectral
profile change in SI 9A7).*® We believe that the species lost
during PCL photodegradation are hydrophilic carboxylic acid
capped polymer fragments which have been previously identi-
fied as photoproducts in Norrish Type II photodegradation of
PCL;* consistent with this assertion, we observed that the
water turned yellow during the first 20 days of PCL
photodegradation.

The depletion of the ester groups in the near surface re-
gion is even more convincingly demonstrated by the ATR-
FTIR spectra shown in Fig. 5a. This shows that following 125
days of irradiation the carbonyl stretching band associated
with the ester group in PCL, along with peaks in the finger-
print region below 1500 cm™, are both greatly diminished in
intensity. In contrast, the C-H stretching region stretching
intensity remains nearly unchanged. Close inspection of C-H
stretching region (Fig. SI 10}) suggests the formation of al-
kene bonds following UVC exposure, an expected product of
the Norrish Type II reaction.’® However, the change in peak
profile is subtle and definitive absorption band assignment
is not possible. However, inspection of the difference spectra
of each photodegraded sample (Fig. SI 107), with respect to
the unexposed PCL/EC spectrum makes the changes in the
C-H stretching region more apparent and provides further
evidence of alkene bond formation in the surface region fol-
lowing irradiation. In addition to mass loss and changes to
the chemical bonding in the near surface region (<2 pm),
SEM imaging shows that photodegradation transforms the
initially smooth PCL surface (Fig. SI 6Af) into one with a
high concentration of spherical structures (Fig. SI 6Bf).

The combination of mass loss, XPS, and ATR-IR data sup-
ports the idea that the photodegradation of PCL/EC occurs
through direct excitation and bond cleavage within the ester
chromophore, leading initially to a rapid mass loss. As the
photodegradation process proceeds, however, the ester group
concentration in the near surface region decreases and a re-
sidual hydrocarbon rich layer builds up at the interface as
the hydrophilic carboxylic acid capped fragments are released
into solution; we believe that the spherical nodules observed
by SEM are a manifestation of these residual hydrocarbon
structures. The thickness of this hydrocarbon layer increases
as the photolysis continues, leading to in a decrease in the
concentration of ester groups within the near surface region
that can be accessed/photolyzed by the incident irradiation.
Ultimately, the hydrocarbon layer reaches a thickness that is
comparable to the penetration depth of the light and at this
stage, the photodegradation process and mass loss stop. This
process of rapid initial polymer/PCL mass loss followed by
the accumulation of a hydrocarbon layer is depicted pictori-
ally in Scheme 1.

Effect of CNT incorporation on photodegradation

To examine the impact of SWCNTs on the photodegradation
process, SWCNT-PCL nanocomposites (PNCs) were produced
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with a range of SWCNT loadings (0.25%, 1.5%, and 5.0%, w/
w). Analysis of the mass loss kinetics as well as the XPS and
ATR-FTIR data (Fig. 4 and 5) reveals that at least qualitatively,
similar changes occur to the SWCNT-PCL and PCL samples
during photolysis. For example, XPS analysis of the 1.5%
CNT sample (Fig. 4) reveals that there is a rapid reduction in
the ester groups present at the surface during the first 20
days of exposure (Fig. 4a). Thereafter, the concentration of es-
ter groups in the near surface region (<5 nm) has been de-
pleted and there is little subsequent change in surface com-
position (Fig. 4b) and little to no additional mass loss
(Fig. 2). A similar depletion of ester groups at the surface
within the first 20 days was observed for all nanocomposite
samples (Fig. SI 97), although XPS data indicates that the
5.0% CNT nanocomposite retained ester groups in the near
surface (topmost 5 nm or so) layers for at least 40 days of ir-
radiation (Fig. SI 9D¥). Thus, the experimental data points to-
wards a photodegradation process that still proceeds through
a Norrish Type II pathway, regardless of the presence of
CNTs, mediated by the photolabile ester groups in the near
surface region.

Although the photodegradation mechanism is insensitive
to the presence of CNTs, the extent of photodegradation is
highly sensitive to the presence of CNTs. As seen in Fig. 2,
the addition of just 0.25% CNT reduces the total mass loss of
the nanocomposite to half that of the CNT-free polymer. Sim-
ilarly, for higher CNT loadings of 1.5% CNT and 5.0% CNT,
the extent of polymer mass loss following 125 days of expo-
sure is limited to just 10.5% and 7.3% of the initial nano-
composite mass, respectively. The ATR-FTIR spectra in
Fig. 5a show that after 125 days of photolysis, where photo-
degradation has ceased for all of the samples, the concentra-
tion of PCL in the near surface region (<2 um), as observed
by PCLs' characteristic ester stretch at 1720 cm™, increases
systematically as the CNT loading increases. This suggests
that the reason for the reduction in mass loss observed as
CNT loading increases is because CNTs reduce the effective
depth of UV penetration and consequently the extent of poly-
mer degradation. This is supported by the C(1s) data (Fig. SI
9Dt), which shows that for the highest loading nano-
composite, 5.0% CNT, there is evidence of ester groups still
being present in the uppermost surface layers (<5 nm depth)
after 20 days of irradiation. In contrast, XPS analysis shows
no evidence of ester groups being present for any of the other
lower CNT loadings or the pure PCL after similar periods of
irradiation.

Our experimental data also supports the idea that the
metal nanoparticles associated with the CNTs do not alter
the photodegradation mechanism (Norrish Type II reaction).
Thus, the diminishment of spectral features in both XPS and
ATR-FTIR indicate that the introduction of CNTs (and associ-
ated metal catalysts) reduce the depth of photolysis. However,
there is no spectroscopic evidence of new features emerging
as a result of a secondary degradation process driven by the
presence of the metal catalysts. Additionally, TEM imaging
reveals that the metal nanoparticles are encapsulated by

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Depiction of how both the interface of polymer-CNT nanocomposites and the nature of release fragments evolve as photodegradation

proceeds, shown as a function of CNT loading.

carbonaceous material (Fig. 6a), preventing direct contact of
the metal nanoparticles to either the polymer matrix or wa-
ter/dissolved oxygen molecules that could generate reactive
oxygen species. Thus, any impact the metal nanoparticles
may have on photodegradation would seem to be limited to
light attenuation and as such this would be spectroscopically
indistinguishable from the impact of the CNTs.

A more detailed analysis of the relationship between mass
loss and polymer degradation (Fig. 5b) reveals that after 125
days of UVC exposure, the measured mass loss and the frac-
tional decrease in carbonyl peak area both exhibit a very sim-
ilar decrease as a function of the CNT loading. Moreover,
Fig. 5c¢ reveals that a liner correlation exists between mass
loss and the fractional decrease of carbonyl area, both mea-
sured after 125 days. The discovery of such a correlation be-
tween these two independently determined quantities pro-
vides strong support for the idea that the attenuation of mass
loss observed upon CNT addition is a consequence of a
“shading effect” caused by the CNTs absorbing UVC, reduc-
ing the effective penetration depth of the photolyzing radia-
tion, and thus the extent of polymer mass loss. The idea that
the CNTs are acting as photon absorbers/scatters is also
supported by the observation that mass loss decreases expo-
nentially with increased CNT loading/concentration, consis-
tent with the Beer-Lambert law for light attenuation in the
presence of a chromophore.

CNT release vs. retention

The detection and quantification of SWCNTs released during
photolysis is accomplished with sp-ICP-MS, using embedded
Y nanoparticles (Fig. SI 2A and BfY), residual from their use
as a catalyst during SWCNT production, as a proxy for
CNTs.>®?° The integrated *°Y signal from well dispersed
SWCNTs suspensions is proportional to the SWCNT mass
concentration (Fig. SI 3t). This linear relationship between

This journal is © The Royal Society of Chemistry 2017

89y signal and SWCNT concentration allows us to determine
mass of SWCNTs released from the nanocomposites at differ-
ent stages of photolysis. In addition, analysis of the distribu-
tion of *’Y pulse intensities allows us to determine the form
of released SWCNTs (individual SWCNTs vs. aggregates).

Fig. 7a shows the total mass of CNT released from a CNT-
PNC generally increases with the initial CNT loading, with
the 5.0% CNT samples releasing over eight times the mass of
CNTs as compared to the 0.25% CNT samples following 125
days of irradiation. However, although CNTs are released as
the polymer nanocomposites photodegrade, a comparison of
Fig. 7a and b indicates that for the 5.0% CNT and 0.25%
CNT samples, CNTs are lost at a significantly lower rate than
the polymer. This observation is also summarized in Table 1,
where it is quantitatively clear that compared to mass of poly-
mer lost the CNTs are releasing to lesser extent than pre-
dicted, based on their initial loading. For the 5.0% CNT this
preferential CNT retention is clearly evinced by SEM images
(Fig. 3), which reveal that a dense CNT mat has formed at
the surface after 20 days of photolysis while no CNTs were
observed at the surface prior to irradiation. This observation
is similar to CNT surface aggregation observed in previous
studies.'”*"**° The absence of visible CNTs on the surface
of the 0.25% CNT and 1.5% CNT samples following photoly-
sis is attributed to both their lower initial CNT concentration
and the accumulation of hydrophobic capped polymer frag-
ments, which occurs as a consequence of PCL photo-
degradation (Fig. SI 6B and Cf).

The preferential retention of SWCNTs during photo-
degradation is attributed to the SWCNTs' high aspect ratio
(1.4-1.6 nm in diameter as determined by Raman spectra
shown in Fig. SI 31 and up to 3 um long, as reported by the
manufacturer). This facilitates an anchoring effect because
many SWCNTs in the near surface region that experiences
photolysis will still have some fraction embedded within the
bulk of the nanocomposites. Additionally, CNT entanglement
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of anchored CNTs to surface confined CNTs will further re-
strain CNTs to the surface of the nanocomposite. The net re-
sult is a preferential retention of SWCNTs in the interfacial
regions, as shown in Scheme 1.

The kinetics of CNT mass loss from the CNT-PNCs qualita-
tively mirrors the mass loss kinetics for the polymer (compar-
ing Fig. 7a and 2, respectively). Thus, following the first 20
days of exposure, as polymer mass loss begins to plateau
(Fig. 2), the rate of CNT release is abated as well. This simi-
larity in behavior supports the idea that degradation of the
surrounding polymer matrix is the principal means of CNT
release from the PNCs as seen for other CNT-polymer nano-
composites.” For the 5.0% CNT sample, Fig. 7a shows that
once the CNT mat has formed there is almost no further
measureable CNT mass loss, highlighting the photostability
of this structure and also that the metal nanoparticles remain
attached to the CNTs.

Form of released CNTs

The integrated *°Y signal in sp-ICP-MS reflects the mass loss
of CNTs that occurs during polymer photodegradation. As a
complement to this information, analysis of *°Y pulse distri-
bution can provide insight into the form of released CNT (in-
dividual CNTs vs. aggregates of CNT contained in polymer
fragments): thus, pulse binning of sp-ICP-MS data obtained
from reference samples of 1 ppb SWCNT suspensions
(Fig. 6¢) shows that 48% of the measured mass is from CNTs
yielding 4-10 *°Y counts. The contribution to total measured
mass quickly drops off with increasing pulse bin intensity,
with no other pulse bin contributing more than 20% of total
measured mass. Furthermore, only 20 CNTs (of 4572 total
particles detected) were found to yield *’Y pulses with inten-
sities greater than 100 *’Y counts. This analysis of well dis-
persed SWCNTs provides a “baseline” for the *’Y pulse inten-
sity distribution and establishes that individual SWCNTs are
most likely to yield a signal of 4-10 **Y counts when detected
with sp-ICP-MS. In contrast, large aggregates of CNTs will
produce much larger pulse heights as they will contain many
more Y nanoparticles.

Examination of the measured *°Y pulses (Fig. 8a) and *°Y
pulse distribution (Fig. 8d) from the 5.0% CNT during the
initial 10 day period of photolysis and SWCNT release is in
stark contrast to the pulse distribution found from individu-
ally suspended SWCNTs (Fig. 6¢). Of 7668 total particles
detected, 474 particles were detected with a ®*’Y pulse inten-
sity greater than 100 *’Y counts; of those particles, 206 parti-
cles yielded a pulse intensity greater than 200 *Y counts and
32 particles were detected with greater than 500 *°Y counts
(data not explicitly depicted within figure). Additionally, the
474 particles with pulse intensities greater than 100 %Y
counts account for 66% of the total measured CNT mass re-
leased during the first 10 day period of exposure, the latter
measured by the integrated *°Y signal. From the contrasting
pulse intensity distributions, it is suggested that the 5.0%
CNT sample released large CNT-containing fragments during
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the initial stage of photolysis, when mass loss (Fig. 2) and
photolysis (Fig. 4 and SI 9t) are most rapid. Comparing the
dominant pulse intensity of well dispersed SWCNTs (4-10 *%Y
counts) to the dominant pulse intensity of released material
(100-500 ®°Y counts) suggests these released fragments
contained anywhere from about 10-125 CNTs. We believe
these CNTs are most likely being released embedded in
polymer fragments rather than as CNT bundles because,
prior to sp-ICP-MS analysis, all samples are spiked with di-
lute surfactant and sonicated for 30 minutes, in the same
way that the suspensions of CNT powder are prepared. Such
a treatment would therefore be expected to debundle CNT
aggregates but would not loosen CNTs embedded in poly-
mer fragments.

During the next 10 days of polymer mass loss and degra-
dation, CNT release from the 5.0% CNT nanocomposite con-
tinues. However as seen in Fig. 7a the overall mass of CNTs
released during this period of exposure (7.30 + 1.79 ng) is sig-
nificantly smaller than released initially (24.48 + 7.42 ng). Ad-
ditionally, we observe the form of released SWCNTs change
during this intermediate period of irradiation. The overall
pulse data in Fig. 8b shows particles with fewer CNTs/particle
being released as compared to the first 10 days of irradiation
(Fig. 8a). Quantitatively (Fig. 8e), this is reflected by the pulse
intensity now being centered on particles of 11-20 *°Y counts
(contributing to 40% of the total measured mass), with very
similar contributions to the total mass measured from parti-
cles of 4-10 ®°Y counts and 21-50 ®°Y counts. From this, we
deduce that fewer CNTs are embedded in polymer fragments
releasing from the surface than before. This may simply be a
reflection of smaller polymer fragments being released. Alter-
natively, we note that the relative rate of CNT to polymer re-
lease decreases in this time interval (compare Fig. 7a and b)
and this change in pulse intensity distribution may reflect a
greater degree of CNT retention due to increased CNT con-
centration and connectivity in the near surface region. Dur-
ing the final period of exposure, from 21-125 days, where the
CNT mat has formed, Fig. 7a reveals that there is very little
CNT loss (3.7 pg), despite the continued loss of a small but
measureable amount of polymer (Fig. 2). Additionally, we see
the pulse distribution is largely made up of particles of 4-10
89y counts, accounting for 92% of the total mass measured
(Fig. 8f). This suggests that any released CNTs are in the form
of individual CNT particles, although it is now not possible
to determine if they are still embedded in polymeric frag-
ments. The progression of CNT released-form as described
above for PNCs with high initial CNT concentrations, as
a function of duration of photolysis, is shown in
Scheme 1.

For the 0.25% CNT sample, the %Y pulse distribution dur-
ing the first 10 days of photolysis (Fig. 9d) yields pulses with
predominantly 4-10 *°Y counts, in contrast to the 5.0% CNT
sample. In fact, we observe that 4-10 *°Y counts is the domi-
nant pulse distribution of released material for all three pe-
riods of photolysis and release (Fig. 9d-f). Since the experi-
mental evidence indicates that the nanocomposites degrade
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through the same mechanism, irrespective of CNT loading,
we assert that the fragments of polymer released will likely
be of comparable physical dimensions. From this, it follows
that since the 0.25% CNT sample possesses 1/20th the initial
CNT concentration as the 5.0% CNT sample, there would be
on average 1/20th the number of CNTs released in each poly-
mer fragment. As a result, during the first 10 days of photoly-
sis, when SWCNT mass release is greatest, this would shift
the pulse distribution to one where *’Y pulses in the 4-10
range dominate, as we observe experimentally in Fig. 9d.
Thus, the **Y pulse distribution and its invariance to irradia-
tion time is simply a reflection of the fewer SWCNTSs present
in the 0.25% CNT sample when compared to the 5.0% CNT
sample. The contrast in the behavior of the 0.25% CNT and
5.0% CNT sample does, however, demonstrate that nano-
composites with higher CNT loadings will likely exhibit
greater variance in the form and number of released CNTs as
they photodegrade, as shown in Scheme 1.

Although the detailed nature of polymer photodegradation
processes are often complex and system specific, they are typ-
ically initiated by photon absorption.”” Consequently, our
findings suggest that the presence of both SWCNTs and
MWCNTs will decrease the extent of polymer photo-
degradation in other polymer CNT nanocomposites by virtue
of their ability to absorb incoming light over a wide range of
wavelengths.®" In addition to the decrease in polymer mass
loss, another important consequence of this “shielding ef-
fect” is that the total number of CNTs released during PNC
photodegradation will not vary in direct proportion to the
CNT loading. Thus, although the absolute CNT mass loss will
increase with CNT loading, the fraction of CNTs released
from a CNT-PNC will decrease as the CNT loading increases
as is seen Table 1. We postulate that similar “shading” ef-
fects will be operative for other nanoparticles/polymer addi-
tives such as fullerenes, graphene and carbon fibers.*® We ex-
pect that the mechanism by which CNTs mitigate polymer
photodegradation (through their shading effect), including
the functional dependence on CNT loading, to be conserved
amongst different polymer/CNT systems. The absolute mag-
nitude of the retardation effect exerted by CNTs, however will
be system specific due to differences in both the wavelength
of light responsible for polymer photodegradation and a
given polymer matrix's overall susceptibility to both photo-
degradation and indirect effects such as increased tempera-
ture of black composites under irradiation lamps. We also ex-
pect that polymer fragments containing multiple CNTs will
be prevalent during the initial stages of photodegradation,
particularly for PNCs with higher CNT loadings. Additionally,
photodegradation and release will also be regulated by ex-
posed surface area. Consequently, when small PNC frag-
ments, such as those released during an abrasion process are
weathered, they will release more CNTs as compared to the
original material of the same volume, by virtue of their in-
creased surface area. However, CNTs contained within such
fragments will still inhibit the extent of photodegradation by
the same mechanism.
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5 Conclusions

To better understand the effect that CNT inclusion has on
polymer photodegradation, we photodegraded CNT-PCL poly-
mer nanocomposites that contained a range of initial CNT
loadings (0-5% w/w) under accelerated photodegradation
conditions, monitoring changes to the polymer and correlat-
ing these changes to the extent, rate, and form of released
CNTs. Through spectroscopic characterization (ATR-FTIR and
XPS) and mass loss measurements of the CNT-PNCs, we de-
termined that PCL's principle route of photolysis, cleavage of
ester groups in the polymer backbone, occurs regardless of
the presence or absence of CNTs. However, while the mecha-
nism of photodegradation is invariant to the presence of
CNTs, the extent of polymer photodegradation systematically
decreases with increasing initial CNT loading. We have attrib-
uted this inhibition of polymer degradation to be a conse-
quence of the CNTs' light absorbing/scatting properties. The
kinetics of CNT release during polymer photodegradation
mirrors polymer mass loss, although CNTs are preferentially
retained in the CNT-PNC matrix. For CNT-PNCs of suffi-
ciently high initial CNT loading (5%), sp-ICP-MS revealed
that multiple CNTs are principally released embedded in
photodegraded polymer fragments. As the rate of CNT-PNC
mass loss decreases, the rate and magnitude of CNT release
decreases as well, due to both increased attenuation of light
by CNTs accumulating in the near surface region and the si-
multaneous accumulation of a hydrocarbon layer resulting
from PCL photolysis. Our results indicate that the fractional
release of CNTs as well as the extent of polymer photo-
degradation will decrease as the CNT loading increases.
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