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Abstract

Graphene-related nanomaterials, GRMs, such as graphene nanoplatelet (GNP), graphene oxide
(GO), reduced GO (rGO), etc. have a number of applications in various fields such as composite
materials, filtration, catalysis, and electronics. Due to the reinforcement, flame retardancy and
electrical conductivity properties, GRMs have been explored as nanofillers in polymer compo-
sites. An increasing production volume of the GRMs and the GRM-containing composites in
the market has brought attentions to their potential risks to humans and the environment. The
exposure of GRMs or particles released from GRM-containing composites is possible during
the production, the use phase, or the end-of-life of the GRMs and the GRM-containing compo-
sites. However, there are still a number of polymer systems that have not been investigated.
Moreover, there are limited data about the toxicity of the aerosols released from GRMs-con-
taining composites. Therefore, this thesis focused on three main goals. First, to manufacture the
GRM-containing epoxy composites and characterize their mechanical reinforcement and the
flame retardancy properties. Second, to analyze the physical and chemical properties, the re-
leased fraction of GRMs from the composites, and the in vitro toxicity of the released particles
from the GRM-containing epoxy composites induced by an abrasion process, which resembled
one of the release scenarios by mechanical force during the use phase of the composites. Finally,
to investigate the released aerosols from the combustion, which was one of the scenarios that
can take place at the end-of-life of the materials, of the GNP-reinforced epoxy composite (EP-
GNP) as compared to pure epoxy (EP) in terms of the physicochemical properties and the po-
tential adverse effects.

The mechanical reinforcement, flame retardancy, and electrical properties of the epoxy nano-
composites filled with GNP and phosphorous flame retardant, 9,10- dihydro-9-oxa-10-phos-
phaphenanthrene-10-oxide (DOPQ) as fillers in epoxy composites (diglycidyl ether of bi-
sphenol A and polyetheramine system) were investigated (Chapter 2). The homogeneous
dispersion of GNP (0.1 — 5 wt %) was achieved by using high speed mixer followed by the
three-roll milling process, while DOPO (3 — 30 wt %) was incorporated into the epoxy resin by
heated stirring. The three-point bending test was carried out to evaluate the flexural modulus
and flexural strength of the fabricated epoxy composites. The flame retardancy properties were
tested using a cone calorimeter. The electrical properties were assessed based on corona dis-
charge test and electrical resistance. Increasing the loading of GNP until 1 wt % and DOPO
until 10 % could improve the mechanical properties of the epoxy composites, whereas higher

loadings could reduce the flexural strengths of the composites. The combination of GNP and



DOPO could enhance the flame retardancy, based on flame retardancy index (FRI), of the epoxy
composites compared to using GNP or DOPO alone. The formulation leading to an improve-
ment in both mechanical properties and flame retardant efficiency of the nanocomposite was
0.5 wt % GNP and 10 wt % DOPO, which did not alter the insulating property of the epoxy
resin since the percolation threshold was at 1.6 wt % GNP. The structure—property relationship
of the additive-filled epoxy composites obtained from this study can be used as a property con-

straining guidance to manufacture the composites.

The characterization and the in vitro toxicity of the pristine GRMs and the released particles
from abrasion of their epoxy composites were determined (Chapter 3). GRMs used in this study
included GNP, GO and rGO. The lateral dimension, C/O ratio, thickness, and surface function-
ality of each GRM were thoroughly characterized. The particle size distributions of the released
particles by abrasion measured by a scanning mobility particle sizer and an aerodynamic parti-
cle sizer revealed that the abraded particles were in a respirable size range. Since the GRMs
that were embedded in the epoxy composite may be released by abrasion and may cause nega-
tive health impacts, the released fractions of GRMs were quantified using a lead-labelling
method combined with an inductively coupled plasma-optical emission spectrometry. The re-
leased fractions of GRMs ranged from 52 % to 92%, depending on the type and size of the
GRMs. Raman mapping spectroscopy revealed the defects on the graphitic layers on the GRMs
in the abraded particle suggesting that GRMs may be transformed during the fabrication and
abrasion process. For in vitro toxicity analysis, human macrophages exposed to the suspensions
(5to 40 pg/mL) of GRMs and particles released from abrasion of GRM-epoxy composites were
assessed for several toxicity endpoints including the change in cell morphology, cell viability,
oxidative stress, and (pro-) inflammatory responses after 24 h and 48 h. The pristine GRMs
could cause dose-dependent oxidative responses, while only large GNP could cause cell death.
None of the abraded particles induced negative impacts on cells.

A combustion platform has been established to characterize the fire behavior, emissions from
combustion and their potential hazards of the EP-GNP compared to EP (Chapter 4). The particle
size distributions of the emissions were measured on-line using an aerodynamic particle sizer
and a fast mobility analyzer. The emitted particles were collected for further characterization.
Raman spectroscopy and X-ray diffraction analysis of both airborne fraction and char residue
demonstrated that GNP was only present in the char residues, not in the airborne fraction. The
airborne particulate emissions from EP-GNP revealed higher polycyclic aromatic hydrocarbon

concentrations, analyzed by gas chromatography-mass spectrometry, as compared to those



from EP. The human alveolar epithelium cells were directly exposed to the emissions at air-
liquid interface conditions and the biological effects were evaluated at 24 h and 96 h after ex-
posure. The toxicity endpoints included the change in cell morphology, cell viability, (pro-)
inflammatory responses, and the expression of oxidative stress genes (SOD2 and HMOX1) and
aryl hydrocarbon receptor (AhR) gene (CYP1AL), which is responsible for the polycyclic aro-
matic hydrocarbon metabolism. The emissions from EP combustion induced the pro- inflam-
matory response (MCP-1 and GM-CSF) and the activation of AhR, but did not cause any effects
on cell morphology, cell viability nor oxidative stress genes. Despite a transient decrease in
mitochondrial activity at 24 h caused by EP-GNP, but not EP, the emissions from EP-GNP did

not induce any additional adverse cell effects in comparison to those from EP.

In conclusions, the results from these studies improve the understanding about the role of GRMs
to enhance the mechanical strength and the flame retardancy properties of epoxy composites
and the physicochemical characteristics and potential hazards of aerosols released from the
abrasion and combustion of the GRM-reinforced epoxy composites. These results revealed that
the GRMs can be used as nanofillers in epoxy composites mainly due to their beneficial effects,

and the limited in vitro toxicity is auxiliary.



Zusammenfassung

Graphenéhnliche Materialien, GRMs, wie Graphen-Nanopléttchen (GNP), Graphenoxid (GO),
reduziertes GO (rGO) usw. werden in verschiedenen Bereichen wie z.B. in Verbundmaterialien,
zur Filtration, Katalyse und in der Elektronik eingesetzt. Aufgrund ihrer materialverstarkenden
Eigenschaften, ihrer guten elektrischen Leitfahigkeit, sowie ihrer flammhemmenden Wirkung
wurden GRMs als Nanofullstoffe in Polymerverbundwerkstoffen erforscht und teils bereits
verwendet. Das steigende Produktionsvolumen der GRMs und der GRM-haltigen
Verbundwerkstoffe hat auf ihre potentiellen Risiken fir Mensch und Umwelt aufmerksam
gemacht. Eine Exposition zu GRMs oder aus GRM-haltigen VVerbundwerkstoffen freigesetzten
Partikeln ist sowohl wéhrend der Herstellung, der Nutzungsphase als auch am Lebensende der
GRMs oder der GRM-haltigen Verbundwerkstoffe mdglich. Es gibt jedoch noch eine Reihe
von Polymersystemen, die diesbeziglich noch nicht untersucht wurden. Darlber hinaus gibt es
nur wenig Daten hinsichtlich der Toxizitat von aus GRM-haltigen Verbundstoffen freigesetzten
Aerosolen. Daher konzentrierte sich diese Arbeit auf drei Hauptziele. Erstens, auf die
Herstellung von GRM-haltigen Epoxidverbundstoffen, ihre mechanische Verstarkung und die
Charakterisierung ihrer flammhemmenden Wirkung. Zweitens, auf die physikalischen und
chemischen Eigenschaften der Komposite, den durch Abrieb aus den GRM-
Epoxidverbundwerkstoffen freigesetzten GRM-Anteil und die damit verbundene In-vitro-
Toxizitat der freigesetzten Partikel. Es wurde speziell der Abriebprozess untersucht, da er durch
die mechanische Krafteinwirkung einen normalen Gebrauch der Verbundwerkstoffe wéhrend
der Nutzungsphase symbolisiert.

SchlieBlich, wurden die freigesetzten Aerosole die bei der Verbrennung (ein
Freisetzungsszenario am Ende der Lebensdauer der Materialien), der GNP-
Epoxidverbundmaterialien (EP-GNP) im Vergleich zu reinem Epoxid (EP) hinsichtlich der

physikalisch-chemischen Eigenschaften und einer moglichen schadlichen Wirkung erforscht.

Die mechanische Verstarkung, die flammhemmenden und die elektrischen Eigenschaften der
mit GNP gefillten Epoxid-Nanokomposite und der Effekt des phosphorhaltige
Flammschutzmittel ~ 9,10-Dihydro-9-oxa-10-phosphaphenanthren-10-oxid  (DOPO) als
Fallstoff in Epoxid-Kompositen (DGEBA und Polyetheraminsystem) wurde untersucht
(Kapitel 2). Die homogene Verteilung von GNP (0,1 — 5 Gew.-%) wurde mit einem
Hochgeschwindigkeitsmischer und anschlielendem Drei-Walzen-Mahlprozess erreicht,

wéhrend DOPO (3 — 30 Gew.-%) durch Rihren und gleichzeitiges Erwarmen in das Epoxidharz



eingearbeitet wurde. Dreipunkt-Biegetests wurden durchgefuhrt, um das Biegemodul und die
Biegefestigkeit der hergestellten Epoxidverbundstoffe einschatzen zu konnen. Die
Flammschutzeigenschaften wurden mit einem Kegelkalorimeter getestet. Die elektrischen
Eigenschaften wurden basierend auf dem Koronaentladungstest und dem elektrischen
Widerstand bewertet. Eine Erhéhung des GNP-Anteils im Komposit auf 1 Gew.-% und von
DOPO auf 10 % konnte sich positiv auf die mechanischen Eigenschaften der Epoxid-
Komposite auswirken, wéhrend hoéhere Beladungen die Biegefestigkeiten der Komposite
verringern konnten. Die Kombination von GNP und DOPO verbesserte die flammhemmende
Wirkung, basierend auf dem Flammhemmungsindex (FRI), der Epoxidverbundstoffe im
Vergleich zur alleinigen Verwendung von GNP oder DOPO. Die Formulierung, die zu einer
Verbesserung sowohl der mechanischen Eigenschaften als auch der Flammschutzwirkung des
Nanokomposits flhrte, betrug 0,5 Gew.-% GNP und 10 Gew.-% DOPO. Dies veranderte die
Isoliereigenschaft des Epoxidharzes nicht, da die Perkolationsschwelle bei 1,6 Gew.-% lag. Die
Struktur-Eigenschafts-Beziehung der additivgefillten Epoxidverbundstoffe, die aus dieser
Studie gewonnen wurden, kann als eigenschaftenbeschrankende Anleitung zur Herstellung der

Verbundwerkstoffe verwendet werden.

Die Charakterisierung und die In-vitro-Toxizitat der originalen GRMs und der freigesetzten
Partikel aus dem Abrieb der GRM-Epoxid-Komposite wurden bestimmt (Kapitel 3). Zu den in
dieser Studie verwendeten GRMs gehorten GNP, GO und rGO. Die laterale Dimension, das
C/O-Verhdltnis, die Dicke und die Oberflachenfunktionalitat jedes GRM wurden grindlich
charakterisiert. Die Partikelgrofienverteilungen der durch Abrieb freigesetzten Partikel, die mit
einem Scanning Mobility Particle Sizer und einem aerodynamischen Partikelsizer gemessen
wurden, zeigten, dass die abgeriebenen Partikel in einem lungengangigen GrolRenbereich lagen.
Da die in den Epoxidverbund eingebetteten GRMs durch Abrieb freigesetzt werden und
negative gesundheitliche Auswirkungen haben kénnen, wurden die freigesetzten GRM-Anteile
mittels einer Bleimarkierungsmethode in Kombination mit einer induktiv gekoppelten
plasmaoptischen Emissionsspektrometrie quantifiziert und bewertet. Die freigesetzten Anteile
an GRMs lagen je nach Art und GroRe der GRMs zwischen 52 % und 92 %. Raman-Mapping-
Spektroskopie zeigte die Defekte auf den Graphitschichten auf den GRMs in den
abgeschliffenen Partikeln, was darauf hindeutet, dass GRMs wéhrend des Herstellungs- und
Abriebprozesses umgewandelt werden konnen. Fir die In-vitro-Toxizitdtsanalyse wurden
menschliche Makrophagen, die den Suspensionen (5 bis 40 pg/ml) mit GRMs und Partikeln,
die durch Abrieb von GRM-Epoxid-Kompositen freigesetzt wurden ausgesetzt, auf

verschiedene Toxizitatsendpunkte untersucht; einschlieBlich der Verénderung der



Zellmorphologie, Zelllebensfahigkeit, oxidativem Stress und (Pro-) Entziindungsreaktionen
nach 24 h und 48 h. Die originalen, unbehandelten GRMs riefen dosisabhangige oxidative
Reaktionen hervor, wéhrend nur groe GNP zum Zelltod fiihrten. Keines der abgeriebenen

Partikel induzierte negative Auswirkungen auf die Zellen.

Eine Verbrennungsplattform wurde eingerichtet, um das Brandverhalten, die Emissionen aus
der Verbrennung und damit verbundene potenzielle Gefahren des EP-GNP im Vergleich zu EP
zu charakterisieren (Kapitel 4). Die PartikelgroRenverteilungen der Emissionen wurden online
mit  einem  aerodynamischen  PartikelgroRenmessgerdt und  einem  schnellen
Mobilitdtsanalysator gemessen. Die emittierten Partikel wurden fur  weiteren
Charakterisierungen gesammelt. Raman-Spektroskopie und Réntgenbeugungsanalyse sowohl
der luftgetragenen Fraktion, als auch der Kohleriickstande, zeigten, dass GNP nur in den
Kohlertckstanden vorhanden war und nicht in der luftgetragenen Fraktion. Die luftgetragenen
Partikelemissionen von EP-GNP zeigten hohere Konzentrationen polyzyklischer aromatischer
Kohlenwasserstoffe  (analysiert durch  Gaschromatographie-Massenspektrometrie) im
Vergleich zu EP. Die humanen Alveolarepithelzellen wurden den Emissionen unter Luft-
Flussigkeits-Grenzflachenbedingungen direkt ausgesetzt und die biologischen Wirkungen nach
24 h und 96 h Expositionszeit bewertet. Zu den Toxizitdtsendpunkten gehoérten die
Veranderung der Zellmorphologie und der Zelllebensfahigkeit, (pro-) inflammatorische
Reaktionen und die Expression von Genen fiir oxidativen Stress (SOD2 und HMOX1) und dem
Aryl-Hydrocarbon-Rezeptor-Gen (CYP1A1), das Ausdruck fir den Stoffwechsel mit
polyzyklischen aromatischer Kohlenwasserstoffen ist. Trotz einer voriibergehenden Abnahme
der mitochondrialen Aktivitéat nach 24 h, die durch EP-GNP, aber nicht durch EP, hervorgerufen
wurde, induzierten die Emissionen von EP-GNP keine zusatzlichen schéadlichen Zellwirkungen

im Vergleich zu denen von EP.

Zusammenfassend lasst sich sagen, dass die Ergebnisse dieser Studien das Verstandnis von
GRM hinsichtlich der Verbesserung der mechanischen Festigkeit und der
Flammhemmungseigenschaften von Epoxidverbundstoffe, sowie der physikalisch-chemischen
Eigenschaften und potenziellen Gefahren von Aerosolen, die durch Abrieb oder Verbrennung
von GRM-Epoxid-Kompositen entstehen, verbessert. Die Ergebnisse zeigten, dass die GRMs
hauptsachlich aufgrund ihrer vorteilhaften Wirkungen als Nanofullstoffe in Epoxid-

Kompositen verwendet werden kdnnen, und die begrenzte In-vitro-Toxizitat ist dabei hilfreich.
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of conductivity of the filler
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Figure 1.1 | a) Examples of graphene-related materials (GRMs) and their properties (Ex-
tracted from Sanchez et al. 2012) and b) Proposed classification of the
GRMs based on the number of layers, average lateral dimension and carbon
to oxygen (C/O) ratio (Extracted from Wick et al. 2014)

Figure 1.2 | Important events related to GRMs production and applications since the suc-
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borne particles in each part of the airways (Extracted from Bierkandt et al.
2018)

Figure 2.1 Light micrographs illustrating the dispersion degree of GNP in the epoxy
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Figure 2.2 | (a) Percolation threshold of the EP/GNP nanocomposites in this study and
(b) comparison of percolation threshold and tc values among EP/GNP nano-
composites from different studies.

Figure 2.3 | Scanning electron microscopy (SEM) images of fracture surface after three-
point bending test of (a), (d) EP/3GNP, (b), (¢) EP/10DOPO, and (c), (f)
EP/10DOPO/0.5GNP.

Figure 2.4 | Effect of GNP on the (a) flexural modulus and (b) flexural strength of
EP/GNP nanocomposites.

Figure 2.5 Effect of DOPO on the (a) flexural modulus and (b) flexural strength of
DOPO-incorporated epoxy nanocomposites.

Figure 2.6 | Comparison among different studies of the effect of GNP on the (a) flexural
modulus and (b) flexural strength of epoxy nanocomposites normalized to
neat epoxy resin and the effect of DOPO on the (c) flexural modulus normal-
ized to neat epoxy resin and (d) flexural strength in MPa.

Figure 2.7 | TGA and DTG curves from thermogravimetric analysis under the nitrogen
environment of DOPO, GNP, cured neat epoxy resin, EP/GNP, EP/DOPO,
and EP/DOPO/GNP.
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Figure 2.8

Heat release rate plots from cone calorimetry of neat epoxy resin compared
to (a) EP/GNP nanocomposites, (b) EP/DOPO, and (c) EP/DOPO/GNP
nanocomposites and total heat release plots from cone calorimetry of neat
epoxy resin compared to (d) EP/GNP nanocomposites, (e) EP/DOPO, and (f)
EP/DOPO/GNP nanocomposites.

Figure 2.9

Comparison, with respect to neat epoxy resin, of the mechanical, electrical,
and flame retarding properties of epoxy composites with different loading
amounts of GNP and DOPO.

Figure 3.1

Characterization of pristine GRMs and abraded particles from epoxy/GRM
composites. SEM images of (a) pristine GO-2, (b) abraded particles from
neat epoxy, (c) abraded particles from an epoxy/GO-2 composite. (d) Sum-
mary of physicochemical properties of pristine GRMs. (e) the zeta potential
of abraded particles.

Figure 3.2

Particle size distributions (PSD) of abraded particles from neat epoxy or
epoxy/GRM (E/GRM) composites. (a) Particle size distributions in the sub-
micrometer range (13-573 nm) measured by SMPS. (b) Particle size distribu-
tions in the micrometer range (0.54-19.81 um measured by APS. The meas-
urement data were the average of at least three experiments. (c) Summary of
mode size of the PSD measured by SMPS and the size range measured by
APS of abraded particles.

Figure 3.3

Qualitative and quantitative detection of GRMs released from abrasion. Ra-
man spectroscopy mapping of abraded particles from E/GNP-2 showing (a)
map of the ratio of the intensity of the 2D band (center at 2700 cm™) as a
marker of GNP-2 to the intensity of an epoxy related Raman band (center at
3065 cm™?). The compared Raman bands are indicated in (b) by gray areas.
(b) Representative Raman spectra from different regions in the mapping area
as compared to reference GNP-2 and abraded neat epoxy. Red lines are
guides to the eye indicating the GNP-2 related Raman bands. (c) Pb?* release
capacity of GNP-1, GNP-2, and GO-1 from one representative example of
each material. (d) Bar chart of the release fraction of Pb?* from control sam-
ples and the exposed fraction of GRMs from three epoxy/GRM composites.
Three measurements were performed for each sample. The average mean
values are reported with the standard deviations. The concentration of Pb?*
in control A (uncured samples) was below the detection limit of 0.1 mg/L,
which is marked by *.

Figure 3.4

Oxidative stress measured by DCF and GSH assay. ROS accumulation was
assessed after 2 h of exposure to (a) pristine GRMs or (b) abraded particles.
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50 uM Sin-1, a morpholino compound, was used as a positive control. Anti-
oxidant glutathione levels of THP-1 cells were measured after 24 h and 48 h
of exposure to (c) GRMs and (d) abraded particles. 300 uM BSO was used
as the positive control. The results show the mean + StEM from at least three
independent experiments. The * symbol represents p< 0.05 as compared to
the negative control (untreated cells).

Figure 3.5

(Pro-) inflammatory response of THP-1 macrophages after treatment with
GRMs and abraded particles from neat epoxy and epoxy/GRM composites.
Concentrations of IL-1p, IL-6 and 1L-8 were measured after 24 h and 48 h of
exposure while TNF-a release was measured after 6 h and 24 h of exposure.
1 pg/mL LPS was used as the positive control. Results are shown as mean *
StEM from at least three independent experiments. The * symbol represents
p<0.05 as compared to negative control (untreated cells).

Figure 3.6

Cell viability measured by MTS assay. MTS was performed to evaluate the
cell viability of THP-1 macrophages after treatment for 24 h and 48 h with
(@) pristine GRMs or (b) abraded particles. 1000 uM CdSO4 was used as a
positive control. The results show mean + StEM from at least three-inde-
pendent experiments. The * symbol represents P <0.05 as compared to nega-
tive controls (untreated cells).

Figure 3.7

SEM images of crack surface of freeze-fractured samples of (a) neat epoxy
resin and (b), (c) epoxy/GNP-2 composite. Solid arrows in (c) indicate
pulled-out GNPs. Some parts of the pulled-out GNPs, seen as brighter areas
when tilted upward from the fractured surface, detached from the epoxy ma-
trix. Dashed arrows in (c) indicate broken GNPs. Broken GNPs were still at-
tached to the epoxy matrix and could be identified from cleavages and voids
on the fractured surface.

Figure 3.8

(a) TEM image of abraded particles from epoxy/GNP-2 composite showing
the protruding GNP-2 (pulled-out GNP-2) from epoxy resin marked with
dashed line and (b) layered structure of GNP-2 at higher magnification.

Figure 4.1

Scheme of the set-up of the combustion experiment consisting of cell expo-
sure chamber for in vitro toxicity assessment, collection of particles emitted
from the combustion for PAH characterization and on-line aerosol character-
ization instruments. The cell exposure chamber was created using Biorender.

Figure 4.2

Particle size distributions of airborne emissions from the combustion of EP
and EP-GNP measured by a) DMS500 and b) APS.
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Figure 4.3

a) Comparison between PAH concentrations in ppm (ug PAH per g of parti-
cles) of particles emitted from the combustion of EP and EP-GNP and b)
corresponding toxic potential of each PAH presented as equivalent
benzo(a)pyrene (BaP) concentration (Escribano et al. 2001) (ppm). The ana-
lyzed PAHSs included naphthalene (Nap), acenaphthylene (Acy), acenaph-
thene (Ace), fluorene (Flu), phenanthrene (Phe), anthracene (Ant), fluoran-
thene (Fla), pyrene (Pyr), chrysene (Chr), benzo(a)anthracene (BaA),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene
(BaP), indeno(1,2,3-c,d)pyrene (InP), dibenzo(a,h)anthracene (DaA), and
benzo(g,h,i)perylene (BgP).

Figure 4.4

a) Cell morphology at 96 h after exposure to filtered air and emissions from
combustion of EP and EP-GNP analyzed using confocal laser scanning mi-
croscopy. Blue = DAPI; magenta = Rhodamine phalloidin. Scale bar is 20
pm. Cell viability determined by measuring b) the release of lactate dehydro-
gense (LDH assay) and ¢) mitrochondrial activity (MTS assay). Triton X-
100 (0.5%v/v) and CdSO4 (10* uM) were used as (+) controls for LDH and
MTS assays, respectively. Bar chart displays average values of three experi-
ments and error bars are standard error of mean. Symbol * and # indicate sta-
tistically significant different from the filtered air exposure (p<0.05).

Figure 4.5

Release of two cytokines/chemokines including a) monocyte chemoattractant
protein-1 (MCP-1) and b) granulocyte-macrophage colony-stimulating factor
(GM-CSF). c) Expression of two oxidative stress genes (HMOX1 and SOD?2)
and aryl carbon receptor gene CYP1A1 with respect to filtered air exposure
(negative control). Bar charts present average values from three experiments
+ standard error of mean. Symbol * and # indicate statistically significant
different from negative control (p<0.05).

Figure Al

Reaction between epoxy resin (DGEBA) and DOPO.

Figure A2

ATR-FTIR spectra indicating the functional groups of DOPO, neat epoxy
and epoxy/DOPO mixture.

Figure A3

Storage modulus (E') and tan 6 of neat epoxy resin and EP/10DOPO ob-
tained from DMTA.

Figure B1

Schematic representation of experimental setup for particle size distribution
measurement.

Figure B2

Size distribution of aerosolized PSL particles sampled in presence or absence
of a rectangular probe. (a) Samples of aerosolized 105 nm PSL particles
measured by SMPS from three independent measurements. (b) Samples of 1




Table of Figures and Tables |xi

pm and 2 um PSL particles analyzed by APS from five independent meas-
urements. Data represent mean +/- SD.

Figure B3

SEM of pristine GRMs and abraded particles from epoxy/GRM composites.
Images of pristine and abraded particles from samples of (a,b) GNP-1; (c,d)
GNP-2, (e,f) GO-1 and (g,h) rGO.

Figure B4

Characterization of pristine GRMs. (a) Raman spectra (b) FTIR spectra and
(c) XRD patterns of pristine GRMs.

Figure B5

SEM-EDX analysis of abraded particles from neat epoxy. (a) Representative
SEM image of abraded particles from neat epoxy. Aluminum appears as
white spots, which were marked in blue boxes.(b) EDX spectrum from point
analysis of the white spot marked by a rectangle in (a).

Figure B6

Spots of Raman spectroscopy analysis of (a) flat surface and (c) cross-sec-
tional surface of E/GNP-2 composites and the corresponding spectra on (b)
flat surface and (d) cross-sectional surface. (e) Optical image of the abraded
particles from E/GNP-2 with Raman mapping area marked by red square and
four points (A-D) where the individual spectrum was shown in Fig. 3.3.

Figure B7

SEM images of pristine GNP-2. Number labelling indicates the particles
whose edge could be identified and thus their corresponding projected area
could be analyzed by ImagelJ

Figure B8

Optical micrographs of GNP-2 in epoxy resin matrix (a)- (c) after high speed
mixing and (d) — (f) after high seed mixing, three-roll milling and adding
hardener

Figure B9

Optical micrographs of GNP-1 in epoxy resin matrix after high speed mixing
followed by three-roll milling and adding hardener

Figure B10

Optical micrographs of GO-1 in epoxy resin matrix after high speed mixing
followed by three-roll milling and adding hardener

Figure B11

Histograms of GRM size before and during processing of epoxy/GRM nano-
composite. Histogram of (a) pristine GNP-2, (b) GNP-2 in epoxy resin ma-
trix after high speed mixing (HSM), and (c) after three-roll milling (3RM)
and adding hardener. Histogram of (d) GNP-1 and (e) GO-1 after three-roll
milling and adding hardener.

Figure B12

Interference assessment of the pristine GRMs and neat epoxy with the MTS
and DCF assay. (a)Pristine GRMs and abraded neat epoxy particles did not
interfere with the MTS measurements. (-) is a representative absorbance
value of an untreated control measurement with THP-1 cells. Data represent
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a single experiment (b) Abraded neat epoxy particles did not quench, but
GRMs quench an existing DCF signal. % Quenching efficiency displays rel-
ative fluorescent values (to untreated control). Mean values and correspond-
ing standard deviations from three independent experiments are shown for
pristine GRMs while one only one experiment was performed for abraded
neat epoxy particles.

Figure B13 | Light microscopy and confocal microscopy images of THP-1 macrophages
exposed to 40pg/mL GRM for 48h, Actin cytoskeleton (green), Nuclei (red)
and GRMs (black), scale bar =10 pum

Figure B14 | LDH release from THP-1 macrophages after exposure to GRMs and
E/GRMs for 24 h and 48 h. Data shown represent the mean + StEM of at
least three independent experiments. The * symbol represents p<0.05 as
compared to negative control (untreated cells). Incubation of cells for 1h to
0.2% Triton-X served as positive control (+)

Figure C1 Plots of heat release rate of EP and EP-GNP obtained from cone calorimetry
analysis. The data points are average values * standard deviations from three
combustion experiments.

Figure C2 Total concentrations measured by DMS500 of the emissions from combus-
tion of a) EP and b) EP-GNP.

Figure C3 a) Raman mapping results and b) X-ray diffraction patterns of pristine GNP,
combustion residues of EP and EP-GNP and soot from combustion of EP
and EP-GNP.

Figure C4 Raman mapping of GNP.

Figure C5 a) Electron microscopy image of GNP and b) elemental compositions of
GNP analyzed using EDX.

Figure C6 Frequency measured by QCM during the filtered air exposure.

Figure C7 Estimated deposited doses of the particles emitted from the combustion in
the cell exposure chamber determined using quartz crystal microbalance
(QCM). Bar chart displays average values from at least five experiments and
error bars are standard error of mean.

Figure C8 a) Representative electron microscopy images of the deposited aerosols from
EP and EP-GNP combustion and b) Number size distributions of the parti-
cles deposited on the bottom of the well-plate. Projected area diameter of
particles (equivalent diameter) were determined using ImageJ software. The
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bar charts show average values * standard deviation from three electron mi-
croscopy images from different areas.

Figure C9 CLSM images of A549 cells under incubator control, filtered air control and
exposure to EP and EP-GNP emissions. Scale bars are 20 pum.

Figure C10 | Color map showing relative concentrations of 10 cytokines in cell culture
media after 24 h and 96 h post-exposure to emissions from EP and EP-GNP
compared to negative control (filtered air exposure). Color bar shows values
in folds relative to filtered air exposure.
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Chapter 1

Introduction

1.1 Graphene-Related Materials (GRMs)

Graphene-related materials (GRMs) are a group of materials consisting of a single to several
layers of graphene, a monolayer of two-dimensional (2D) carbon atoms bonded hexagonally,
which is a basic elementary unit of all GRMs. In terms of electronic properties, graphene layers
of 2 to <10 are still considered as 2D material [1]. GRMs can exist in numerous forms such as
graphene nanoplatelet (GNP), graphene oxide (GO), or reduced GO (rGO) as shown in Figure
1.1. The classification of GRMs is necessary in order to avoid the misunderstanding about their
properties and their safety to humans and the environment. GRMs can be classified according
to three major physicochemical properties e.g. number of layers, average lateral dimension and
carbon/oxygen (C/O) ratio as illustrated in Figure 1.1 [2].

a)

Graphene Few-layer graphene Graphene oxide

[-=== Lateral dimension =---|

capable of : : : : :
bending, rippling \// increasing stiffness

oty aave addai with number of layers i \/ ; nyumpc::h:;e
often with heteroatoms groups (OH, -O-) raphenic domains
on basal suface _ charged 9
hydrophilic
peripheral

b)

Figure 1.1 a) Examples of graphene-related materials (GRMs) and their properties (Extracted
from [3]) and b) Proposed classification of the GRMs based on the number of layers, average

lateral dimension and carbon to oxygen (C/O) ratio (Extracted from [2])
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GRMs can be manufactured by different approaches, which can distinctively influence their
quality and physicochemical properties. The most commonly used method for mass production
is the top-down approach known as exfoliation using graphite as a starting material [4]. High-
quality pristine nanoplatelets can be achieved by liquid phase exfoliation (LPE) or intercalation-
exfoliation, which is done by weakening the interaction between graphene layers by inserting
chemical species i.e. organic solvent or water/surfactant solution using ultrasonication for a
number of hours. Solid-state exfoliation of graphite by edge functionalization can generate GNP
with some defects on the graphene sheets. The oxidation of graphite followed by exfoliation
can produce graphene oxide or functionalized graphene sheets. Graphene oxide can be reduced
to reduced graphene oxide by means of thermal annealing, hydrothermal reaction or chemical
reaction [4]. So far, it is challenging to manufacture GRMs using the LPE method to achieve
GRMs with large lateral dimension, but still maintained monolayer and structural integrity [5].
The chemical vapor deposition (CVD) and sublimation of SiC are the bottom-up method that
can be used to fabricate continuous monolayer graphene. The former can directly grow epitaxial
graphene on the SiC substrate for microelectronic application, while the latter is a promising

candidate for up-scaling production of electronic-grade graphene [5].

Depending on particular properties of each species, GRMs have been investigated for a board
range of applications ranging from composites, electronics to nanomedicine [5—7]. GNP has
been studied as nanofillers to establish specific properties of polymer nanocomposites such as
antistatic and anticorrosion due to high electrical conductivity and impermeability [4], thermal
interfacial or heat-spreading in electronic materials due to high thermal conductivity [4] or
toughness of polymer due to good mechanical properties. GO and rGO have been extensively
explored for sensor applications such as gas sensor and biosensor due to their high specific
surface area, electrical conductivity, electron transfer rate, optical transmittance, and excellent

mechanical flexibility [8—10].
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Figure 1.2 Important events related to GRMs production and applications since the successful
isolation of graphene in 2004 (Extracted from [5])

Since the successful isolation of single-layer graphene in 2004, the continuous research about
GRMs manufacturing has led to the mass production and commercialization of GRMs as well
as GRM-based products as depicted in Figure 1.2. Spike in the number of patent related to
GRMs in 2009 is considered as time-zero for GRMs commercialization [11]. Then in 2010,
Geim and Novoselov has been awarded Nobel Prize for the discovery of free-standing gra-
phene. With a board range of applications and an increasing market value, GRMs have a fore-
seen increase in production [12]. The lack of toxicological information on GRMs is one of
several reasons that could slow down the production and innovation of GRMs and GRM-con-
taining products. In order to support the safe and sustainable way to produce and to use GRMs
and GRM-based products, toxicity and hazard assessment of GRMs from cradle-to-grave

should be evaluated.

1.2 GRM/Polymer Composites

One of the GRM applications is the use as fillers in polymer composites. The GRM-based pol-
ymer composites showed the enhancement in mechanical reinforcement, electrical conductiv-
ity, thermal conductivity, and flame retardancy properties of different polymers such as epoxy,
polypropylene (PP) polycarbonate (PC), and polyurethane (PU) [6,13,14]; therefore, they have
been investigated for mechanical enhancement [15], electronic [16—19], anticorrosion [20,21],
sensing [22,23], and electromagnetic shielding [24] applications. These research works show
the promising applications of GRM/polymer composites in the industrial section. So far, there
have been several GRM-based polymer products in the market such as tennis racket and skis
developed by HEAD, cycling helmet and cycling shoes from Spanish company called Catlike,

and earphones from FiiO Electronics and Anker’s audio [25]. Some products are still under
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development, for example, Haydale and Airbus have filed a joint patent about the composite
materials filled with functionalized 2D graphene to improve lightning strike protection for aer-

ospace application [26].

The GRM/polymer composite can be further developed by combining GRM with other fillers
or additives, which can offer novel properties or synergistic effects. The synergy of CNT and
GNP on mechanical reinforcement of epoxy composite has been reported [27,28]. For example,
Yang et al. demonstrated that the hybrid of 0.1 wt % MWCNT and 0.9 wt % GNP fillers
showed better dispersion and compatibility in epoxy matrix than the composite filled with 1 wt
% MWCNT or 1 wt % GNP alone and resulted in significant enhancement in tensile strength
and thermal conductivity [27]. To achieve a significant improvement in flame retardancy effi-
ciency of the polymer composite, high concentration of GRMs were needed. Therefore, the
synergistic flame retardancy effects by combining GRM with the traditional flame retardants
have been largely investigated [29-34]. For example, Liu et al. showed that the combination of
0.5 wt % layered double hydroxide and 0.5 wt % graphene nanosheet resulted in synergistic
effects by increasing the oxygen index and retarding the flame propagation of epoxy composite.
By increasing the loading of each filler to 2.5 wt%, the total heat release was reduced by 26%
[35]. The combination of 2.5 wt% graphene nanaosheet and 2.5 wt % DOPO (9,10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide) in epoxy matrix showed a synergistic flame retardancy
by decreasing the peak heat release rate and the total heat release and forming a char with denser

structure and more thermal stability [29,35].

The current challenges lie on the fabrication process that enables high GRM loading with good
dispersion and strong adhesion between epoxy and surface of GRM, which can result in the
notorious enhancement in materials' properties. Agglomeration of GRM in the polymer matrix
can occur at higher GRM concentration. Surface coating or functionalization can improve the
dispersion and can even form the covalent bond with the polymer matrix, but the electrical
conductivity may be compromised. The optimization of the amount of GRM and/or other fillers
in polymer matrix to achieve the desired properties of the materials still needs more experi-
mental and computational modelling data to improve the understanding about the structure-

property relationship.
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1.3 Flame Retardants for Polymer

Flame retardants are a group of chemicals added to the polymer to prevent the start or to slow
down the growth of the fire. Examples of flame retardants are mineral fillers, halogenated com-
pounds, phosphorous-based compounds, nitrogen-based compounds, and silicon-based com-
pounds. They can be classified into two main categories including the additive (non-reactive)
flame retardants and the reactive flame retardants. The additive flame retardants do not react
with the polymer during the manufacturing process such as mineral fillers, whereas the reactive

type chemically bond with the polymer molecule and is integrated in the polymer chains.

Flame retardants can act via two major modes including the physical and chemical mechanism.
Physical mechanism involves the cooling effect by endothermic decomposition of the flame
retardants, the dilution of the combustible volatile gases by releasing non-combustible gases
such as H,0O, CO», and NH; during the combustion and the formation of the physical barriers
to obstruct the diffusion of combustible gases to the flame and insulate the polymer's surface
from air and heat. The chemical mechanism can take place in both gas phase and condensed
phase. The reaction in gas phase involves the release of free-radicals that can scavenge the
highly reactive radical species such as He and OHe that are formed during the combustion,
which result in the less reactive or inert molecules. The reaction in condensed phase invoked
by the flame retardant can occur either via an acceleration of degradation of polymer chain,
which results in polymer dripping from the flame, or a catalytic formation of the char, which

acts as physical barriers between the gas phase and the condensed phase [36,37].

An increasing in the restrictions of the use of some brominated and chlorinated flame retardants
has been introduced since the 1970s because of their environmental persistence and toxicity,
which has led to concerns about the adverse effects to humans and the environment. Therefore,
novel classes of flame retardants have gained more interests. DOPO (9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide) is a widely used organophosphorous flame retardant (OPFR)
because of its exceptional thermal stability. DOPO and its derivatives have been studied as
flame retardants in several polymer systems [38—40]. The flame retarding mechanism of DOPO
involves the chemical mode in both gas phase by producing HPOe, PO« and PO* species that
can interact with He and OHe and condensed phase by promoting the polymer charring [29,41].

The toxicity of DOPO has been reported as low cytotoxicity and low neurotoxicity compared

to halogenated flame retardants [42,43], some of which are cytotoxic and neurotoxic [44]. Hen-
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driks et al. demonstrated that rat dopaminergic pheochromocytoma (PC12) and rat neuroblas-
toma (B35) cells treated with DOPO (>100 uM) for 24 h did not show cytotoxicity, ROS for-
mation, nor change in intracellular Ca*" level [42]. Similarly, Hirsch et al. revealed that DOPO
did not induce any biological effects at the maximal concentration of 100 uM on different in
vitro biological models including human alveolar epithelial cells (A549), human macrophages
(THP-1), 3D epidermal model (human primary keratinocytes (PR3D-HPEK-50), central nerv-
ous system neurons (LUHMES cells), and peripheral nervous system neurons (human pluripo-
tent stem cells) [43]. Moreover, during the combustion of epoxy composite, DOPO could sup-
press the smoke formation and reduce the toxic gas release [29]. Data on the thermal

degradation products of DOPO are still needed to ensure the safe use of DOPO.

1.4 Toxicity of GRMs

A number of review studies suggested that the toxicity of GRMs was influenced by several
factors such as concentration, lateral dimension, surface chemistry, functionalization, charge,
impurities, aggregations, and protein corona effect [3,45-51]. This section shows examples of
some studies highlighting the effects of lateral dimension and surface chemistry, which are the

properties often reported in the toxicity studies.

The cellular internalization of GRMs could be influenced by their shape and size [52—-54]. Stud-
ies showed that small-sized GRMs could be internalized by cells, whereas larger GRMs that
could not be completely internalized could have interaction with the cell membrane and may
cause negative effects [55,56]. Schinwald ef al. demonstrated that GNP with large lateral sizes
up to 25 um can have smaller aerodynamic diameters, which are in the respirable range owing
to its platelet structure and thin nature [53]. The respirable fraction of GNP could reach beyond
the ciliated airways, where the only clearance mechanism is via macrophages. Then, they as-
sessed the toxicity of GNP in vitro using THP-1 macrophages and in vivo using mice. They
reported that GNP having a lateral size of 5 pum could induce frustrated phagocytosis of mac-
rophages and inflammogenicity in vitro and in vivo [53]. Li et al. showed that few-layer gra-
phene with lateral dimension ranging from 0.5 to 10 um can enter the cells by edge-first uptake
followed by a complete internalization, which is spontaneous membrane penetration process
[57]. Ma et al. demonstrated that larger GO sheets (lateral size of 750 to 1300 nm) could be
strongly adsorbed on the cell membrane and induced M1 polarization of macrophages, which
led to inflammatory responses. Smaller GO sheets (lateral size of 50 to 250 nm) were more
likely taken up by macrophages and could induce negative biological responses such as oxida-

tive stress inside cells [56]. Jia et al. found that among three different lateral sizes of graphene
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and GO including small (~30 nm), medium (~300 nm) and large (~2 pum) sizes, the small gra-
phene and GO induced more cytotoxicity, DNA damage, and reactive oxygen species produc-
tion in human embryonic kidney 293 (HEK 293T) cells compared to medium and large sizes
[55]. On the contrary, Yue et al. reported that the larger GO (lateral size of 2 pm) induced
higher level of the inflammatory responses of the murine peritoneal macrophages compared to
the smaller GO (lateral size of 350 nm), even though they showed similar uptake amount by the
macrophages [58]. Roberts et al. performed in vivo study in mice exposed to graphite nano-
platelet via pharyngeal aspiration. They reported that graphite nanoplatelet with lateral size of
5 and 20 um at a dose of 40 pg/mouse induced more lung inflammation, injury in lavage fluid,
and an increase tissue gene expression than 1 um graphite nanoplatelet, whereas no toxicity

effects were observed at a low dose of 4 pg/mouse [59].

Surface chemistry of GRMs such as C/O ratio and functionaltization is linked to the hydro-
philicity of the materials and can affect the aggregation and dispersion of the GRMs in different
media as well as the interaction between GRMs and cells. A study reported that GO induced
higher oxidative and genotoxic stress in HEK 293T cells than graphene because GO has higher
oxygen content leading to higher surface activity and better adherent to biomolecules [55].
Duch et al. compared the biocompatibility of graphene flakes (produced by ultrasonication of
natural graphite) and GO in the lung in vivo and in vitro. The in vivo results in mice revealed
that GO caused acute lung injury and inflammation, while graphene induced minimal inflam-
mation in lung. For in vitro study, GO induced more toxic effects to mouse alveolar macro-
phages and epithelial cells compared to graphene flakes such as an increase in mitochondrial
respiration rate, reactive oxygen species (ROS) generation, and an activation of inflammatory
and apoptotic pathways [60]. Similarly, in vivo inhalation study showed that Sprague-Dawley
rats exposed to GNP up to 1.88 mg/m? did not show any dose-dependent effects for body and
organ weights, inflammatory responses in bronchoalveolar lavage fluid, and blood biochemical
parameters at 1 and 28 days after exposure [61]. However, some studies reported that GO
showed no obvious cytotoxic effects towards human alveolar epithelial cells (A549), which was
probably due to the oxygen-containing groups on GO surface such as carboxyl, epoxy, and

hydroxyl that could lessen the cytotoxic effects [62,63].

The functionalization on the surface of GRMs were studied to improve the solubility and bio-
compatibility of the GRMs in various biological systems [64,65]. For instance, Sasidharan et

al. revealed that pristine GNP above 50 pg/mL induced a decrease in metabolic activity of
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murine RAW 264.7 macrophages at 48 h time point, whereas GNP covalently bound to poly-
ethylene glycol (PEG) did not show any reduction in metabolic activity up to a maximum tested
concentration of 75 pg/mL. Moreover, the intracellular ROS formation was increased for cells
treated with pristine GNP at 24 h, while PEG-functionalized GNP showed insignificant amount
of ROS formation. The authors suggested that the negative cellular impact was due to the hy-
drophobicity of pristine GNP that may favor the interaction with the cellular plasma membrane.
The accumulation of the pristine GNP bound to plasma membrane could block the transporta-

tion of nutrients and ions into the cells, which triggered the ROS formation [64].

1.5 Exposure to GRMs and Nanoparticles (NPs) Released from GRM-Containing Poly-
mers

With an increasing demand of GRMs and the GRM-containing products, occupational exposure
during the manufacturing of the GRMs and the products containing GRMs is unavoidable.
Knowledge about the toxicity of GRMs is necessary for the regulations of the occupational
exposure limit (OEL) to prevent the adverse health effects on the workers. Up to now, there is
no legally binding OEL for GRMs due to limited number of in vivo toxicity data on GRMs.
Nevertheless, researchers have reported the estimated OEL for some GRMs. The estimated
OEL for GO was 18 pg/m?, which was derived from a multi-path particle dosimetry (MPPD)
model based on no observed adverse effect level (NOAEL) from a sub-chronic inhalation study
in rats [66]. Limited number of studies reported the estimated occupational exposure to GRM:s.
For example, the occupational inhalation exposure to GNP was estimated at 212 pug/m? based
on data reported in inhalation exposure studies [67]. Lovén et al. measured the concentration
of GNP and GO using optical-thermal analysis in personal breathing zone of the workers in
workplaces dealing with ink formulations and surface coating. The highest occupational expo-

sure to GNP and GO was 5.6 pg/m?, which corresponded to an 8-h average of 1.2 pg/m? [68].

Not only the occupational exposure to GRMs in the manufacturing phase, but also the exposure
to consumers during the use phase and end-of-life of the products is inevitable. During the use
phase of the nanomaterial-containing products, nanomaterials embedded in the matrix may be
unintentionally released as free-standing nanomaterials or matrix-bound nanomaterials by
chemical degradation (weathering) and/or mechanical process [69,70]. At the end of life of the
products, one of the possible scenarios that can occur is combustion, which can take place by
an accidental fire or a waste incineration. However, little is known about the release of GRMs

from the GRM-containing materials. For example, Bernard et a/. investigated the fate of GO in
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the polyurethane (PU) composites when exposed to UV. They reported the considerable accu-
mulation of GO on the surface of the composite due to the degradation of the PU matrix [71].
The release of GNP from the polylactic acid/GNP/MWCNT film was induced by the swelling
and dissolution of the polylactic acid in food simulants, ethanol and acetic acid, at 90 °C for 4
h [72]. Kotsilkov et al. found that GNP could be released from the biodegradable polymer dur-
ing the combustion [73].

1.6 Particle Deposition and Clearance Mechanism in the Lung

Inhalation is one of the major human exposure routes to airborne particles. Figure 1.3 illustrates
the human respiratory airway and the related deposition mechanism in each region. The respir-
atory system consists of three regions including head airways region, lung airways region, and
pulmonary or alveolar region [74]. The head airways region consists of nose, mouth, pharynx
and larynx and functions to warm and humidify the inhaled air. The lung airways, also called
tracheobronchial region, starts from the trachea until the terminal bronchioles. The deepest re-
gion of the lung is the alveolar region consisting of a number of small thin sacs called alveoli,
whose function is to exchange oxygen and carbon dioxide to the adjacent bloodstream in capil-
lary network. There are three major types of alveolar cells. The first is an alveolar epithelium
type I, which has squamous shape covering 95% of the alveolar surface [75]. The second is a
cuboidal-shaped alveolar epithelium type II, which can secrete the surfactant to reduce the sur-
face tension in the lung and can renew and repair the epithelium type I and Il cells. Both alveolar
epithelium type I and Il are components of alveolar wall. The ratio of the amount of epithelium
type I to type Il is approximately 1:2 [75]. Finally, alveolar macrophages, the phagocytic cells,

are responsible for removing foreign particles from the respiratory tract.

Mucociliary escalator

g/ __——~Inhalation & expectoration

Swallowing
Impaction

Mucociliary escalator

Trachea

) _ —Sedimentation
Primary bronchi & interception
Secondary bronchi

Tertiary bronchi

Terminal bronchi
Alveolar ducts

Alveolar sacs: Diffusion

Figure 1.3 Human respiratory tract and the deposition mechanisms of the inhaled airborne par-
ticles in each part of the airways (Extracted from [76])
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When aerosols enter the respiratory tract, they may deposit in each region via three major mech-
anisms including inertial impaction, gravitational sedimentation, and Brownian diffusion, while
turbulence mixing, interception, and electrostatic precipitation are of less importance [77], or
they may be exhaled. The degree and region of particle deposition mechanism in the respiratory
airway is driven by particle characteristics such as size and density, airway geometry such as
airway radius and branching angle, and breathing pattern such as residual time and particle
velocity [74,76]. This section focuses on three main particle deposition mechanisms (impaction,

sedimentation, and Brownian diffusion) in the respiratory tract.

Impaction mechanism depends on inertia of particles, which is a property to withstand the
change of their existing status of motion. When the inhaled air flows through the respiratory
tract, it must pass a sequence of direction changes. When the air changes direction, due to their
inertia, particles continue to follow their original direction for a short distance resulting in the
deposition of some particles that are near the airway wall. The probability of inertial impaction
in the respiratory airway depends on Stokes number (Stk), which is the ratio of the stopping
distance of a particle to airway dimensions (Equation 1.1). Since small particles can follow the
air streamline, the impaction mechanism mostly affects larger particles, typically at the large
airways 1.e. dividing points from the trachea to the bronchi and to a less extent other bifurcations
[74].

S U ppdiC.U
St ==~ =Y _ Prpec”
d. dg 18nd,

Equation 1.1

Sedimentation is an important deposition mechanism in smaller airways and alveolar region.
The probability of the sedimentation is associated with the ratio of the settling distance
(terminal settling velocity (Vys) X residence time) to the airway diameter. Equation 1.2
is the terminal settling velocity, Vrs, in a laminar regime (Re < 1). It is important to note that
under the normal breathing condition, the airflow in the trachea and bronchi can be turbulent at
the highest flow rates, while the airflow in other parts of airways is laminar. However, the

laminar flow in smaller airways is not fully developed due to their relatively short length com-

pared to dimeter [74].

2
Vrs = L”jcc for Re < 1 Equation 1.2

18
Diffusion mechanism prevails for the deposition of particles smaller than 0.5 um in the small
airways and alveoli. The movement of submicron-sized particles is governed by Brownian mo-

tion, which is a random motion caused by the impact of gas molecules on these particles. The
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likelihood of the diffusion deposition is determined by the ratio between root-mean-square dis-
placement, X:ms, to the airway diameter. As shown in Equation 1.3, Xims depends on diffusion

coefficient, D (Equation 1.4), and the residence time, t, of the particles in the airways [74].

Xrms = V2Dt Equation 1.3
= KT Equation 1.4
3nndy

When the particles deposit in the lung, their fates depend on their physicochemical properties
and the region of the lung they deposit. The surfaces of the head and lung airways (upper air-
way) are lined with mucus, which is transported to the pharynx by ciliary activity and then
swallowed to the gastrointestinal tract [74]. The mucociliary clearance can transport the parti-
cles in the upper airway out of the respiratory system within hours. Particles deposited in the
alveolar region of the lung have different fates from the ones deposited in the upper airway and
take considerably longer time over months or years to be removed from the respiratory tract.
Alveolar macrophage internalizes insoluble particles that deposit in alveolar region and dis-
solves them or transports them to the lymph nodes or to the upper airway where they can be
removed by mucociliary clearance. The soluble particles can cross alveolar membrane to the

bloodstream and translocate to other organs [74].
1.7 Research Objectives and Outline of the Thesis

Even though GRM-reinforced polymer composites have been widely studied in terms of their
mechanical properties, flame retardancy, and electrical properties, there are still plenty of com-
binations of GRMs and epoxy/hardener system to be investigated. Moreover, an increasing
number of the production of GRMs and GRM-based products led to the requirement to under-
stand their potential health risks related to their life time i.e. production, use, and end-of-life,
for prompting the safety regulations. However, the available information about the potential

release of particles from the GRM-based composite and their associated hazards is still limited.

This thesis aims to support the hypotheses that the structure of hardener and fillers including
GNP and DOPO in epoxy composites can affect the composite's properties, and the physico-
chemical properties of GRMs including their shape, lateral dimension, and C/O ratio can affect
their toxicity. Moreover, when GRMs are used as nanofillers in epoxy composites, their physi-
cochemical properties can affect the interaction between epoxy and GRM surface, which play

an important role on the release mechanisms of aerosols from the epoxy composites.
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Therefore, the main objectives of this thesis are three-fold and three main studies have been
conducted according to each objective. Firstly, to investigate the effects of GNP combined with
DOPO as additives in epoxy composite (DGEBA and polyetheramine) in terms of mechanical
reinforcement, flame retardancy, and electrical properties (Chapter 2). Secondly, to study the
characteristics and the potential hazard of the pristine GRMs and the particles released from the
GRM-containing epoxy composites by abrasion, which is a process that could induce the re-
lease of nanoparticles from the composites during the use phase (Chapter 3). Finally, to deter-
mine the characteristics and the potential biological impacts of the emissions from the combus-
tion of GNP-reinforced epoxy composite and pure epoxy, which is a process that can occur at

the end-of-life of the composites (Chapter 4).

Chapter 2 presents the fabrication and the characterization of mechanical reinforcement, flame
retardancy, and electrical conductivity of epoxy resin filled with GNP and phosphorous flame
retardant namely 9,10- dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO). The epoxy
resin (diglycidyl ether of bisphenol A), the linear structure hardener (polyetheramine), and the
fabrication process used in this chapter were also applied to the following studies in Chapter 3
and 4. Moreover, the information about the properties of the GNP-reinforced epoxy nanocom-
posites, especially the mechanical properties and the flame retardancy property, was useful to
help understanding the release mechanisms of airborne particles from the epoxy nanocompo-

sites. This study has been published as

Netkueakul, W.; Fischer, B.; Walder, C.; Niiesch, F.; Rees, M.; Jovic, M.; Gaan, S.; Jacob, P.;
Wang, J. Effects of Combining Graphene Nanoplatelet and Phosphorous Flame Retardant as
Additives on Mechanical Properties and Flame Retardancy of Epoxy Nanocomposite. Polymers

(Basel). 2020, 12 (10), 2349. https://doi.org/10.3390/polym12102349.

In Chapter 3 and 4, the hazard assessments of the particles released from abrasion and combus-
tion of GRM-reinforced epoxy composites are reported, respectively. Since the GRMs and the
released particles could be small enough to reach alveolar region of the respiratory system,
where the clearance of the nanomaterials is only via macrophages, the in vitro toxicity evalua-
tions were performed on human macrophages (Chapter 3) and alveolar epithelial (Type II) cells

(Chapter 4).

Chapter 3 involves the characterization and hazard assessment of pristine GRMs and the parti-
cles released from abrasion of GRM-epoxy composites using the human macrophages differ-

entiated from THP-1 cells. This study has been published as
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Netkueakul, W.; Korejwo, D.; Hammer, T.; Chortarea, S.; Rupper, P.; Braun, O.; Calame, M.;
Rothen-Rutishauser, B.; Buerki-Thurnherr, T.; Wick, P.; Wang, J. Release of Graphene-Related
Materials from Epoxy-Based Composites: Characterization, Quantification and Hazard Assess-

ment in Vitro. Nanoscale 2020, 12 (19), 10703—-10722. https://doi.org/10.1039/CONR10245K.

Chapter 4 shows the establishment of the system to investigate the physicochemical properties
and the in vitro toxicity of the emissions from the combustion of GNP-reinforced epoxy com-
pared to pure epoxy. The manuscript of this study has been submitted to Environmental Science

and Technology.

In Chapter 5, the results obtained from the three studies are briefly summarized. In addition,

the potential outlooks are proposed.
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Abstract

The effects of combining 0.1-5 wt % graphene nanoplatelet (GNP) and 3—30 wt % phosphorous
flame retardant, 9,10- dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) as fillers in
epoxy polymer on the mechanical, flame retardancy, and electrical properties of the epoxy
nanocomposites was investigated. GNP was homogeneously dispersed into the epoxy matrix
using a solvent-free three-roll milling process, while DOPO was incorporated into the epoxy
resin by mechanical stirring at elevated temperature. The incorporation of DOPO reduced the
crosslinking density of the epoxy resin. When using polyetheramine as a hardener, the structural
rigidity effect of DOPO overshadowed the crosslinking effect and governed the flexural moduli
of epoxy/DOPO resins. The flexural moduli of the nanocomposites were improved by adding
GNP up to 5 wt % and DOPO up to 30 wt %, whereas the flexural strengths deteriorated when
the GNP and DOPO loading were higher than 1 wt % and 10 wt %, respectively. Limited by
the adverse effects on mechanical property, the loading combinations of GNP and DOPO within
the range of 0-1 wt % and 0-10 wt %, respectively, in epoxy resin were further studied. Flame
retardancy index (FRI), which depended on three parameters obtained from cone calorimetry,
was considered to evaluate the flame retardancy of the epoxy composites. DOPO showed better
performance than GNP as the flame retardant additive, while combining DOPO and GNP could
further improve FRI to some extent. With the combination of 0.5 wt % GNP and 10 wt %
DOPO, improvement in both mechanical properties and flame retardant efficiency of the
nanocomposite was observed. Such a combination did not affect the electrical conductivity of
the nanocomposites since the percolation threshold was at 1.6 wt % GNP. Our results enhance
the understanding of the structure—property relationship of additive-filled epoxy resin

composites and serve as a property constraining guidance for the composite manufacturing.
Keywords: nanocomposites; graphene nanoplatelets; mechanical properties; flame retardancy

2.1 Introduction

Epoxy resin (denoted as EP) is a thermoset polymer that has been extensively used for
composite manufacturing due to its chemical and thermal resistance, excellent adhesion, and
ease of processing [1]. Despite its attractive properties, the main disadvantages of epoxy resin
are flammability [2], poor thermal conductivity, and brittleness. To manufacture epoxy
thermosets, hardeners or curing agents can be employed for curing epoxy resin by crosslinking

epoxy molecules forming the three-dimensional network. Among numerous kinds of hardeners
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such as amines, anhydrides, phenols, and thiols, amines have been the most widely used
hardeners. The chemical structure of amines, i.e. aliphatic, cycloaliphatic and aromatic play
important roles in the mechanical properties and thermal properties of the cured epoxy resin
[3,4]. For example, due to the more rigid structure of 4,4’-diamino diphenyl methane (DDM),
which is an aromatic amine, the epoxy thermoset cured with DDM showed higher glass
transition temperature as compared to the epoxy thermoset cured with polyetheramine, which
is an aliphatic amine [3]. Moreover, the type of hardener was chosen according to the desired
properties and the applications of the resulting thermoset. For example, polyetheramine, an
aliphatic amine, has been used for surface coatings, adhesives and castings for artistic purposes
since aliphatic amines usually are colorless after curing. Aromatic amines such as 4,4’-
diaminodiphenyl sulfone (DDS) provide excellent heat and chemical resistance, so it has been

applied in the aerospace industry.

Various flame retardants and reinforcing nanomaterials have been investigated as epoxy resin
fillers to overcome the flammability of epoxy thermosets. 9,10- dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) is one of the phosphorous flame retardants (PFRs),
which were proposed as an alternative to halogenated flame retardants due to concerns about
the latter’s toxic effects and environmental impacts [5,6]. Owing to its promising flame
retardant efficiency, a number of studies have reported the effect of DOPO and its derivatives
to enhance flame retardancy of epoxy composites [7—11]. The DOPO-incorporated epoxy resin
cured with DDS and 2,4,6-tri (phenol-methylene-amide)-triazine with a phosphorous content
of 3 wt % showed enhanced thermal stability as compared to the epoxy resin, but the glass
transition temperature, flexural strength, and impact strength were decreased with increasing
phosphorous content [7]. The flame inhibition mechanism of DOPO was proposed through a
gas-phase reaction involving phosphorous oxide radical, PO, and H-PO fragment as reactive
gas species [12]. However, incorporation of DOPO into epoxy resin is still a critical task
because DOPO reacts with the epoxide group and thus can deteriorate the crosslinking density
of epoxy resin, which is strongly dependent on the amount of epoxide groups, and might

adversely affect the mechanical properties of the composites [7,10,13].

Graphene nanoplatelets (GNP) have been investigated as a filler in epoxy resin to enhance
mechanical properties, thermal conductivity, electrical conductivity, and flame retardancy.
Improved mechanical properties when adding GNP to epoxy resin have been reported, such as

an increase in fracture toughness, flexural modulus, and hardness of the nanocomposites [ 14—
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18]. Wang and colleagues found a significant improvement in electrical conductivity of the
epoxy/GNP nanocomposite by six orders of magnitude with 3 wt % GNP as compared to neat
epoxy resin [19]. Previous studies revealed that GNP can delay the combustion process by
retarding the formation of volatile gases and forming continuous and compact char that can
block the radiation and decrease the combustion temperature, which can lead to an enhanced
flame retardant effectiveness of polymer/GNP nanocomposites [20-22]. However, using GNP
as a flame retardant is challenging due to poor dispersion of GNP in the polymer matrix, weak
interaction between graphene surface and polymer, and strong tendency to agglomerate at high

concentrations [23].

The combination of GNP with other flame retardants has gained attention to further enhance
the properties of the nanocomposites in terms of mechanical performance as well as flame
retarding efficiency. Recent studies reported that the combination of DOPO and GNP could
improve flame retardancy of epoxy thermosets [24,25]. For example, the combination of DOPO
and GNP showed a synergistic effect on flame retardancy properties of epoxy nanocomposites,
i.e., by adding 2.5 wt % DOPO and 2.5 wt % GNP, the peak heat release rate was significantly
reduced from 1194 to 396 kW/m? [24]. Although studies have focused on the effects of
combining GNP and DOPO on the flame retardancy property, there has not yet been an
elaborate investigation on the effect of combining GNP and DOPO on mechanical properties
of the composite. Especially, the role of DOPO in mechanical properties of the epoxy
composites is still unclear. The incorporation of DOPO could cause negative effects on the
mechanical properties of epoxy resin due to the decrease in crosslinking density by the reaction
between DOPO and epoxy resin, which consumes epoxide groups [7,13]. However, some
studies demonstrated that the incorporation of DOPO did not deteriorate the mechanical
properties of the epoxy resin [26,27]. Wang and colleagues suggested that the mechanical
properties of the epoxy/DOPO composites was not adversely affected because the constraining
effect of the bulky DOPO group for the epoxy chain rotation could counteract the effect of the
loss in crosslinking density [26]. In addition, too high concentration of GNP can lead to GNP
agglomeration and worsen mechanical properties [23]. To our best knowledge, the effect of
incorporation of DOPO as well as the combination of DOPO and GNP on the mechanical

properties of the epoxy resin is still ambiguous and needs to be further studied.

Based on structural classification, the above-mentioned studies [7,26,27] employed the

aromatic hardeners resulting in deteriorating mechanical properties when the DOPO amounts
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exceeded certain thresholds. In our study, we aim to study the influence of DOPO on the
mechanical properties of epoxy nanocomposite with another type of hardener as compared to
previous studies. Therefore, we used an aliphatic amine, polyetheramine Jeffamine D-230, as a
curing agent for epoxy resin (diglycidyl ether of bisphenol A). The solvent-free three-roll
milling process was employed to disperse the GNP in the epoxy resin matrix. The influence of
DOPO on the three-dimensional network structure of the epoxy resin was studied by assessing
the crosslinking density. The flexural moduli of the epoxy nanocomposites with different
loadings of DOPO and GNP were determined. Based on the mechanical properties, the
maximum loading amounts of DOPO and GNP and their combination were chosen for further
investigations. Flame retardancy of the composites was studied using cone calorimetry and the
flame retardancy index (FRI) was applied to compare the flame retardancy efficiency among
different samples. The results from this study revealed the appropriate formulation of DOPO-
modified epoxy resin filled with GNP to achieve better overall performance especially the
mechanical properties and flame retardancy. This study provides better understanding of the
relationship between the structure of epoxy resin composites filled with two types of additives
(DOPO and GNP) and their properties and facilitates the design of epoxy resin composites with

desired properties.

2.2 Material and Methods
2.2.1 Materials

The epoxy resin used in this study was diglycidyl ether of bisphenol A (DGEBA, Araldite GY
250, Huntsman, Montgomery and Harris, TX, USA), which has an epoxy equivalent of 183—
189 g-eq!. The curing agent was polyetheramine Jeffamine D-230 (Huntsman, Montgomery
and Harris, TX, USA), which has molecular weight (MW) of 230 g-mol™! and amine hydrogen
equivalent weight (AHEW) of 60 g-eq . The phosphorous-containing flame retardant 9,10-
dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO, MW =216 g-mol ') was purchased
from Tokyo Chemical Industry (Tokyo, Japan). Graphene nanoplatelet XGNP M25 (carbon
content > 99.5%, average particle diameters = 25 um, thickness = 6—8 nm, typical surface area
=120-150 m*-g! and density = 2.2 g-cm>) was purchased from XG Sciences, St. Louis, MO,
USA.
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2.2.2 Incorporation of DOPO into Epoxy Resin

The desired amount of DOPO was added into the epoxy resin. The mixture was then heated
with continuous stirring until the temperature reached 160 °C and kept constant with continuous
stirring for 5 h for complete reaction between DOPO and epoxy resin [26]. The amount of
DOPO was 3 wt %, 10wt %, 20 wt % and 30 wt % of the epoxy resin matrix, which

corresponded to the phosphorous content of 0.3, 1.0, 2.0 and 2.9 wt %, respectively.

2.2.3 Dispersion of GNP in Epoxy Resin

The dispersion method and manufacturing process of the composites was adapted from a
previous study [28]. The desired amounts of GNP were added to epoxy resin or DOPO-
incorporated epoxy resin (EP/DOPO). The components were mechanically mixed at 2000 rpm
using an overhead mixer for 5 min. A three-roll mill machine (SDY200, Biihler AG, Uzwil,
Switzerland) was employed to improve the dispersion of GNP in the polymer matrix. The
mixture was passed through the three-roll mill for at least three times. Neat epoxy polymer was

also prepared with the same method without any fillers.

2.2.4 Processing of Epoxy Resin

The ratio of resin/hardener was 100:32 for the composites without DOPO. For the EP/DOPO
mixtures, since DOPO reacted with the epoxy groups, the amount of hardener added was
adjusted according to the available epoxy groups obtained from the theoretical value as shown
in the Appendix A. The mixture was mixed at 2000 rpm for 5 min. Afterward, the mixture was
degassed at 80 °C for 2 min under vacuum. The formulation was transferred to a metal mold
and cured at 80 °C for 12 h, and post-cured at 120 °C for 4 h. The mold was preheated at 80 °C
for samples containing DOPO. All samples were allowed to cool down slowly to room

temperature.

2.2.5 Characterization of GNP and EP/GNP/DOPO Composites and Measurement

Procedures

Attenuated total reflection-Fourier transform infrared spectrometer (Agilent 640 FTIR
spectrometer, Agilent technologies, Santa Clara, CA, USA) was used to characterize the
functional groups of DOPO, epoxy resin, cured epoxy resins and cured EP/DOPO. The
dispersion state of GNPs in the epoxy matrix was determined using an optical microscope

(Zeiss, Oberkochen, Germany).
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A discharge test was performed using an electrostatic Wimshurst machine as a high voltage
source and the samples were placed adjacent to the spark gap formed by two metal spheres. The
surface resistance was measured using a Keithley multimeter (model DMM7510, Keithley
Instruments, Cleveland, OH, USA) with two-point electrodes. The samples had dimensions of

10 cm % 10 cm and 4 mm thickness.

The flexural modulus was evaluated by the three-point bending test according to ISO 178:2001
[29] using the Zwick Roell Z010 testing machine (ZwickRoell, Ulm, Germany) with a constant
loading speed of 1 mm-min . Five specimens from each sample were tested. The dimensions
of the specimen were 1 cm x 8 cm % 4 cm (width % length x thickness). Scanning electron
microscope (Nova NanoSEM 230, FEI company, Hillsboro, OR, USA) was employed to

analyze the fracture surface of the samples after a three-point bending test.

In order to determine the crosslinking density, dynamic mechanical thermal analysis (DMTA)
was performed using an advanced rheometric expansion system (Rheometric Scientific,
Piscataway, NJ, USA) to obtain the storage elastic modulus and tan 8 of the cured resins, which
were important parameters for an estimation of the crosslinking density. The samples tested
were neat epoxy and EP/10DOPO. Samples were analyzed with applying constant static force
at 1 Hz and a strain of 0.05%. The scanning temperature was from —150 to 180 °C at a heating
rate of 3 °C-min"!. The sample dimensions were 10 mm x 50 mm and 4 mm thickness. The
crosslinking density (p(E’)) in mol-m™> was evaluated using the kinetic theory of rubber
elasticity as follows:
p(E") = % Equation 2.1,

where E’ is storage elastic modulus (Pa) of cured resin at the peak temperature of tan ¢ + 40 °C
to ensure the rubbery stage of the sample. R is the gas constant (8.3145 m*-Pa-mol 'K ') and

T is the absolute temperature (K) at which E’ is determined, in this case at the peak temperature

of tan 6 + 40 °C.

The glass transition temperature (Tg) was analyzed using a differential scanning calorimeter
(DSC 8000, Perkin Elmer, Waltham, Massachusetts, USA) with a heating rate of 20 °C-min .
The scanned temperature ranged from 20 to 200 °C. Thermal stability was measured by a
thermogravimetric analysis using Thermobalance Netzsch TG209 F1 (NETZSCH-Geritebau

GmbH, Selb, Germany) under a nitrogen environment at the heating rate of 20 °C-min ! from
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28 to 1008 °C. Several parameters were obtained to describe the thermal stability of cured epoxy
resins. The onset temperature or initial decomposition temperature (Tq) is the temperature at
which the sample starts to decompose. The mid-point temperature (T-s0%) is the temperature at
which 50% of the weight loss occurred. Tmax stands for the decomposition temperature at the
maximum mass loss rate. The amount of final residue presented by % char is the percentage of

final residual weight at 1008 °C with relative to the initial sample weight.

The FTT Cone calorimeter (Fire Testing Technology, West Sussex, UK) was employed to
analyze the flammability of the composites according to ISO 5660-1 with the heat flux of 50
kW-m 2. The experiments were terminated after the flame stopped for 100 s. The sample size

was 10 cm % 10 cm x 4 mm (length x width % thickness).

2.3 Results and Discussion
2.3.1 Verification of the Incorporation of DOPO into Epoxy Resin using ATR-FTIR

The successful incorporation of DOPO into the epoxy resin, whose reaction is presented in Fig.
A1, was confirmed by FTIR spectroscopy (Fig. A2). The P-H stretching vibration peak of
DOPO appeared at 2384 cm!. The disappearance of this peak confirmed the bonding of
DGEBA and DOPO [10]. The reaction between DGEBA and DOPO led to the epoxide ring
opening that resulted in the formation of hydroxyl group on the sp* carbon [26]. The formed
hydroxyl group could further react with another epoxide ring via the etherification reaction,
which subsequently formed the C—O—C (alkoxy) bond and a hydroxyl group (O—H) [26]. The
occurrence of this reaction could be evidenced in the EP/DOPO sample from the presence of
the alkoxy C—O bond at 1117 cm™! and the existence of hydroxyl groups as a broad peak
between 3200 and 3600 cm™!, which was broader and more intense as compared to the O—H
peak of the neat epoxy resin, which appeared between 3400 and 3600 cm™'. Moreover, the shift
of the P—C stretching vibration from 682 cm™! in DOPO to 686 cm™!' in EP/DOPO could also
be a sign of the bonding between the phosphorus atom of DOPO and a carbon atom of epoxide

ring.
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2.3.2 Dispersion of GNP in the Epoxy Resin

Figure 2.1 Light micrographs illustrating the dispersion degree of GNP in the epoxy resin (a)
after mixing the epoxy resin with 0.5 wt % GNP using a high speed mixer, (b) and (c) after one
and three runs of three-roll milling, (d) after adding the hardener, and (e) and (f) after curing at

room temperature and at 80 °C, respectively.

Fig. 2.1 shows the dispersion state of GNP in the epoxy resin matrix. Heterogeneity in lateral
size and dispersion state of GNPs was observed after mixing GNP and epoxy resin with a high-
speed mixer for 5 min. The lateral dimension of GNPs substantially reduced and the dispersion
of GNPs was more homogeneous after one and three runs of three-roll milling. After adding
the hardener, the GNP concentration decreased due to the dilution by the added hardener.
Reagglomeration of GNPs was observed for the samples cured at both room temperature and
80 °C. The reagglomeration during the curing process was expected and previously reported
for reduced graphene oxide [30] and carbon nanotube [31,32]. Since the curing rate is faster at
higher temperature, the diffusion of GNP could be more limited by a sharp increase in viscosity
of the resin during the curing process at higher temperature [31]. Therefore, we assumed that

curing the epoxy resin at 80 °C yielded better GNP dispersion.

2.3.3 Electrical Property

The discharge measurement (Table A3) revealed that the nanocomposites with GNP content
higher than 1 wt % showed an electrical discharge from the metal spheres to the samples,
implying that the nanocomposites contained conductive networks. Corona discharge appeared
for the nanocomposites with 2-3 wt % GNP, indicating the suitability for antistatic packaging
purpose [33]. The nanocomposites containing less than 1 wt % GNP were completely insulating

as the line spark appeared between two metal spheres.
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Percolation theory can be applied to predict the critical amount of the filler that can form the
connected network and affect the behaviors of the nanocomposite. The electrical percolation
threshold, ¢, and critical exponent, tc, obtained from fitting the experimental data with the
power law o, = o7 (P — ®_.)t were 0.006 and 3, respectively as demonstrated in Fig. 2.2a.
This corresponds to a volume fraction ¢. of 0.006 or 1.6 wt % GNP. o. and or are the

conductivity of the nanocomposite and the filler, respectively, and ¢ is the filler concentration.
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Figure 2.2 (a) Percolation threshold of the EP/GNP nanocomposites in this study and (b)
comparison of percolation threshold and t. values among EP/GNP nanocomposites from

different studies.

The percolation threshold values published earlier ranged from 0.0052 to 0.021 volume
fraction, while the corresponding t. values were in the range of 1.36-5.37 as summarized in
Fig. 2.2b [34-39]. Higher t. value than the universal value (1.65 — 2) indicates the nonuniversal

transport behavior, which can happen when the fillers have exceptional geometries such as a

2
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high aspect ratio like GNP [40]. An analytical model o, = TDTIPD)}

was also proposed to

predict the percolation threshold of nanocomposites containing three-dimensional randomly
dispersed disc-shaped or platelet-like nanoparticles based on average interparticle distance
(IPD) and aspect ratio of the particles, where D, is the diameter of the platelet and t;, is the
thickness of the platelet [41]. The suggested IPD value was 10 nm [41], at which the electron
hopping can occur, according to the quantum mechanical tunneling mechanism. Regarding
GNP with the diameter and thickness of 25 pm and 6 — 8 nm, respectively, the estimated
percolation threshold was between 0.0051 and 0.0068 volume fraction, which is in good
agreement with the calculated percolation threshold from the power law fitting of our

experimental data.
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2.3.4 Crosslinking Density of Epoxy Resins

Properties of the epoxy resins were influenced by the chemical network structure, which could
be explained by the crosslinking state of the cured epoxy resins [42]. In order to assess the effect
of DOPO on the network structure of the cured resin, the crosslinking density of EP/10DOPO
was estimated (Equation 2.1) and compared to that of neat epoxy using the rubbery storage
modulus (E’), which was E’ at the peak temperature of tan & + 40 °C, obtained from DMTA
results (Fig. A3). The peak temperature of tan ¢ + 40 °C was 136 °C. The results involved in

the determination of the crosslinking density are presented in Table 2.1.

Table 2.1 Storage modulus (E’) in rubbery region and crosslinking density of neat epoxy resin

and EP/10DOPO.

Samples E’ at Peak Temperature of tan o + 40 °C (MPa) p (mol-m™)
Neat epoxy 7.67 751.5
EP/10DOPO 6.36 623.2

As shown in Table 2.1, the crosslinking density of the EP/10DOPO was lower than that of neat
epoxy. This was a result of the reaction of epoxide groups with DOPO, causing the depletion
of available epoxide groups and less crosslinking reaction between epoxide groups and amine

groups of the hardener.
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2.3.5. Mechanical Properties

(a) ER/3GNP (b) EP/10DOPO (c) EP/10DOPO/0.5GNP

300 um 300 um “53001tm

(e) EP/10DOPO

L J00 pljﬁ 5

100 pm

Figure 2.3 Scanning electron microscopy (SEM) images of fracture surface after three-point

bending test of (a), (d) EP/3GNP, (b), (¢) EP/10DOPO, and (c), (f) EP/10DOPO/0.5GNP.

The flexural fracture surface of the epoxy composites was determined using SEM as shown in
Fig. 2.3. The fracture surface of the formulation containing GNP showed a rough feature. The
roughness on the EP/GNP nanocomposites was caused by GNP acting as an obstruction of the
crack propagation, which resulted in an alteration of the crack path as seen in Fig. 2.3a,c.
Moreover, the rough surface included holes and GNP agglomerates on the fracture surface (Fig.
2.3d,f) suggesting adhesive failure of the composite. The fracture surface of EP/10DOPO (Fig.
2.3b,e) revealed mirror-like feature with some cracks, which was similar to that of neat epoxy

resin.
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Figure 2.4 Effect of GNP on the (a) flexural modulus and (b) flexural strength of EP/GNP

nanocomposites.

Flexural modulus and flexural strength were investigated to describe the mechanical
performance of the EP/GNP nanocomposites as displayed in Fig. 2.4. We found an increase in
flexural modulus by 20% and 29% compared to neat epoxy resin when the amount of GNP
increased to 3 wt % and 5 wt. %, respectively. The flexural strength of the nanocomposite
slightly increased as GNP content increased up to 1 wt %. When GNP content increased to 3
wt % and 5 wt %, a decreasing trend of flexural strength of the nanocomposites was observed
due to the weak adherence between the surface of epoxy resin matrix and non-functionalized
GNP used in this study, which prevent the load transfer from matrix to GNP. Therefore, GNP
could act as a stress concentrator and deteriorate the mechanical properties of the
nanocomposites [18,43]. This could be confirmed by the fracture surface analyzed by SEM
(Fig. 2.3) revealing rough surface with voids and GNP agglomerates, which indicated the

adhesion failure between the matrix and GNP.
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Figure 2.5 Effect of DOPO on the (a) flexural modulus and (b) flexural strength of DOPO-

incorporated epoxy nanocomposites.

Fig. 2.5 shows the effect of incorporating DOPO into epoxy resin on the flexural modulus and

flexural strength. The addition of DOPO led to a significant increase in the flexural modulus.
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In the presence of DOPO, the addition of GNP did not significantly alter the flexural modulus
and strength of the nanocomposite as compared to the EP/DOPO composites. The incorporation
of DOPO up to 10 wt % (or 1 wt % of phosphorus) showed an improvement in flexural strength
of the nanocomposites, whereas adding a higher amount of DOPO adversely affected the
flexural strength. The mechanical effect of DOPO in the epoxy thermoset is still unclear due to
a lack of data and the inconsistent results among different studies [7,13,26,27]. The
incorporation of DOPO was reported to cause a negative impact on the flexural modulus and
strength of the cured epoxy resins [7,13] because of the reaction of DOPO with the epoxide
group, which reduced the functionality of the epoxy resin and thus diminished the degree of
crosslinking in the resulting thermosets [26]. On the other hand, the rigidifying effect of DOPO
once linked to the epoxy chain might compensate the crosslinking effect; therefore, the addition
of DOPO to a certain concentration level led to an increase in the flexural modulus of the epoxy

thermosets [26,27].

The flexural moduli and strengths of the nanocomposites measured in this study were compared
with the values from other studies as shown in Fig. 2.6 [15,18,39,43]. Since we are interested
in the effects of DOPO and GNP incorporation, the flexural moduli and strengths were
normalized to the cured neat epoxy resin so that the values from different studies could be
compared. Regarding GNP addition, the improvement in flexural modulus could be mainly
attributed to the good dispersion of GNP in the epoxy resin by three-roll milling as shown in
Fig. 2.1. Several previous studies also used three-roll milling [15,18,39,43,44] for GNP

dispersion and showed improvement of the mechanical properties of the nanocomposites.
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Figure 2.6 Comparison among different studies of the effect of GNP on the (a) flexural modulus
and (b) flexural strength of epoxy nanocomposites normalized to neat epoxy resin and the effect
of DOPO on the (¢) flexural modulus normalized to neat epoxy resin and (d) flexural strength

in MPa.

With an increasing amount of DOPO, our study showed a continuous improvement in the
flexural modulus of the EP/DOPO thermosets, which does not completely agree with other
studies, as shown in Fig. 2.6¢. Our study presents an increasing trend in the flexural modulus
when phosphorous content in DOPO-incorporated epoxy resin rose up to 3 wt %. Other studies
found a decrease in terms of the flexural modulus of the DOPO-incorporated epoxy resin as the
phosphorous content increased to some extent. For example, Wang and Lin [26] reported an
improvement in flexural modulus of the DOPO-incorporated resin (DGEBA) cured with 4,4'-
diaminodiphenyl sulfone (DDS) and phenol novolac (PN) when the phosphorous content
increased to 1.6 wt % and 1.4 wt %, respectively. When the phosphorous content exceeded
these values, the flexural modulus decreased. Wang et al. [13] examined the flexural modulus
of the DOPO-incorporated epoxy novolac resin (EPN) with 1.3 wt % phosphorous cured with
modified cycloaliphatic amines. They found that the flexural modulus of the DOPO-modified
epoxy resin was worsened by 11% as compared to neat resin, but it could be improved by adding

0.5 wt % of graphene into the formulation.

Such a discrepancy in the DOPO effect on the flexural modulus of the cured DOPO-modified
epoxy resin could result from different types of hardeners used in various studies since the
structure of the hardeners could also play an important role on the mechanical properties of the
epoxy thermosets [3,45,46]. Hardeners containing aromatic rings such as phenol novolac (PN)
and 4,4'-diaminodiphenyl sulfone (DDS) [26,27] or cycloaliphatic structure [13] could also
enhance the flexural modulus or rigidity of the epoxy thermoset. Considering the molecular
structure of the involved compounds, the rigidity of DOPO and aromatic hardeners could
contribute to an improvement in flexural modulus of the cured DOPO-incorporated resin. When
the load of DOPO increased, the available epoxide groups decreased due to the reaction of
DOPO with some of the epoxide groups and thus less of an amount of hardener was required
to crosslink DOPO-incorporated epoxy resin. Therefore, the flexural modulus could be
strengthened by the rigidity of DOPO; meanwhile, it could be weakened by both the loss of
crosslinking density and reduction in aromatic structures caused by less of an amount of

hardener required. On the other hand, hardeners with a linear molecular structure did not
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contribute strongly to the mechanical properties of the epoxy thermoset; therefore, the
rigidifying effect of DOPO was the dominant factor on the flexural modulus and the flexural
modulus increased continuously when phosphorus content increased. The competition of the
above strengthening and weakening effects was the reason for the different slopes of flexural

modulus versus phosphorus content curves from previous studies [26,27] in Fig. 2.6c¢.

2.3.6 Thermal Properties

TGA curves and their derivatives (derivative thermogravimetric, DTG), which represent the
thermal stability of the samples are demonstrated in Fig. 2.7. EP/GNP samples had similar TGA
profile as compared to neat epoxy resin, which showed T4 around 369 °C and the maximum
mass loss rate around 387 °C. However, GNP significantly increased the char residues of the
epoxy. The addition of GNP up to 1 wt % loading can increase the char content up to 50% by
forming the structure containing smaller pores as compared to the char of neat epoxy, which
led to a compact and continuous char structure [20]. DOPO underwent the mass loss in two
steps from 200 to 370 °C and from 370 to 480 °C, respectively, which was earlier than the Tq
of neat epoxy resin at 369 °C. After 480 °C, DOPO completely decomposed, as there was
almost no residue left. Regarding EP/DOPO samples, when the DOPO loading increased, Tq
and Tmax of the EP/DOPO decreased. Our results clearly showed significant improvement in
char yields as the amount of DOPO increased. This could be due to the fact that the
decomposition products of DOPO could catalyze the formation of char, which can insulate the
underneath layer from burning [13,24,47]. Adding GNP to the EP/DOPO composite did not
affect T¢ and Tmax of the epoxy resin as compared to EP/DOPO, but it could further improve

the char residues.
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Figure 2.7 TGA and DTG curves from thermogravimetric analysis under the nitrogen

environment of DOPO, GNP,
EP/DOPO/GNP.

cured neat epoxy resin, EP/GNP, EP/DOPO,

and

Table 2.2 Glass transition temperatures (Tg) and thermogravimetric analysis data of DOPO,

neat epoxy, EP/GNP, EP/DOPO, and EP/DOPO/GNP nanocomposites.

Samples Tg(°C) Ta(®C) T-50%(CC) Tmax(°C) % Char
DOPO N.A. 279 329 333 0
Neat epoxy 98.0 369 389 387 2.88
EP/0.1GNP 91.8 370 389 386 5.07
EP/0.5GNP 95.1 368 389 381 5.06
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EP/1GNP 95.8 366 389 385 431
EP/3DOPO 943 355 379 374 4.76
EP/10DOPO 87.4 339 369 370 4.92
EP/20DOPO 83.3 325 366 360 7.69
EP/30DOPO 72.8 319 363 357 7.80
EP/3DOPO/0.5GNP 94.1 353 378 369 6.32
EP/10DOPO/0.1GNP 88.1 340 369 362 5.81
EP/10DOPO/0.5GNP 84.9 338 369 368 6.14

Table 2.2 summarizes the glass transition temperatures (Tg) of epoxy nanocomposites
determined by DSC and the important parameters obtained from thermal stability investigation
by TGA. GNP slightly reduced T, of the cured epoxy resin as compared to the neat epoxy resin.
The reduction in Ty could be the result of GNP acting as a heat flow barrier in the polymer
matrix [48]. Moreover, non-functionalized GNP had free surface and formed repulsive interface
with the polymer, which could result in a decrease in Ty because polymer chain mobility was

more enhanced with respect to the neat epoxy resin [49,50].

An increase in the DOPO content resulted in a decrease in Tg due to the reaction of epoxide
groups and DOPO, which depleted the available crosslinking sites between epoxy resin and
hardener and resulted in less crosslinking network of the cured DOPO-incorporated epoxy
resin. The addition of GNP to EP/DOPO did not make a notable difference in Ty and Tq of the
resulting nanocomposites as compared to EP/DOPO samples; however, the significant

improvement in char yield was observed in samples containing GNP.
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2.3.7 Flame Retardancy

The important parameters for flame retardancy including time to ignition (TTI), peak heat
release rate (pHRR), average heat release rate (ave-HRR), average effective heat of combustion
(ave-EHC), total heat release (THR), total smoke production (TSP), average CO formation
(ave-CO yield), and average CO> formation (ave-CO. yield) were obtained from cone
calorimetry. Fig. 2.8 shows plots of HRR and THR as a function of burning time from cone
calorimetry analysis. HRR profile of neat epoxy resin showed pHRR of 1246 kW-m™ at 140 s.
GNP did not significantly influence pHRR, but another HRR peak around 200-300 s was more
pronounced as compared to that of the neat epoxy. The development of the second peak in the
HRR profile of EP/GNP could be an effect of the breakage of the char layer formed by GNP.
When the char layer broke, the combustible gases were released, which enhanced the
combustion. As a result, THR of the EP/GNP was higher than that of neat epoxy. Liu et al.
reported a similar effect of GNP on the development of small HRR peaks with the addition of
5 wt % of GNP; however, they showed substantial reduction of pHRR by 57% as compared to
the epoxy resin without a filler [24], while our EP/GNP did not reveal an obvious reduction in
pHRR. This might be explained by the fact that the concentration of GNP in our study was

lower and thus the protective char layer formed was weaker and easier to break.

The incorporation of DOPO could decrease the pHRR and THR in relation to the epoxy resin
because DOPO could act in both the condensed phase by forming the protective char layer and
gas phase by scavenging the reactive combustible species [12]. By adding GNP into EP/DOPO,
the pHRR and THR were further reduced as compared to EP/DOPO.
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Figure 2.8 Heat release rate plots from cone calorimetry of neat epoxy resin compared to (a)
EP/GNP nanocomposites, (b) EP/DOPO, and (¢) EP/DOPO/GNP nanocomposites and total
heat release plots from cone calorimetry of neat epoxy resin compared to (d) EP/GNP

nanocomposites, (¢) EP/DOPO, and (f) EP/DOPO/GNP nanocomposites.

Table 2.3 summarizes some important parameters from cone calorimetry. Moreover, based on

TTL pHRR, and THR, the flame retardancy index (FRI), which is a dimensionless value defined

pHRR

TTI )neat epoxy
PHRR

TTI )composite

(THRX

as FRI = [51], was calculated in order to compare the effect of adding

(THR x

GNP, DOPO, and the combination of both additives on the flame retardancy efficiency of the
epoxy resins. The addition of GNP could increase the TTI, which could be an effect of GNP
changing the gas pathway in the condensed phase and retarding the gas transfer to the gas phase.
The high thermal diffusivity of GNP could also contribute to the delay of TTI as GNP could
transfer the heat from the surface of the composite to the bulk [52]. On the other hand, when
the loading amounts of DOPO increased, the TTI did not show an increasing trend. This might

be due to the relatively low T4 of DOPO as compared to the neat epoxy resin as shown in TGA
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results. TSP, ave-CO yield, and ave-CO, yield are indicators of the completeness of the
combustion. The products of complete combustion are water and CO,, while incomplete
combustion produces smoke and CO [53]. Addition of DOPO resulted in higher TSP, greater
development of CO, and lower CO» production, which indicated more incomplete combustion
as compared to the neat epoxy resin. The incorporation of DOPO reduced pHRR, ave-HRR,
ave-EHC, and THR of the composites as compared to the cured neat epoxy resin. According to
our finding, GNP up to 1 wt % did not significantly promote the flame retarding efficiency of
the epoxy resin in terms of pHRR and THR. However, the combination of DOPO and GNP
could further reduce pHRR, ave-HRR, and THR of the nanocomposites as compared to the
EP/DOPO or EP/GNP alone.

The flame retarding mechanism of combining DOPO and GNP has been proposed as GNP is
acting in the condensed phase, while DOPO is acting in both the condensed phase and gas phase
[24,47]. Ave-EHC reflects the combustion rate of volatile compounds in the gas phase during
combustion [24,47]. A significant decrease in ave-EHC was observed for EP/DOPO
composites, implying that DOPO reacts in the gas phase by scavenging the volatile compounds
and thus resulted in the reduction of the burning rate. On the other hand, GNP did not reduce
the ave-EHC when added to the composite, which suggests that GNP did not contribute to the

gas phase reaction.

The change in TTI, pHRR, and THR with respect to the neat epoxy resin was reflected in FRI
values of the composites. Three performance categories were proposed including poor, good,
and excellent, corresponding to FRI < 1, 1 < FRI < 10, and FRI > 10, respectively [51]. The
results revealed that adding GNP slightly improved FRI due to the effect of GNP on delaying
the TTI of the EP/GNP nanocomposites, although it caused an increase in pHRR and THR. In
case of DOPO, when DOPO loading increased, the pHRR and THR reduced, which resulted in
an increase in FRI, even though the TTI was not delayed. It can be seen that all samples except
for EP/0.5GNP, EP/3DOPO, and EP/3DOPO/0.5GNP showed good flame retardancy
performance, whereas EP/0.5GNP, EP/3DOPO, and EP/3DOPO/0.5GNP showed poor FRI
quantities. Regarding EP/0.5GNP, as mentioned earlier, the formed char layer was not strong
enough, resulting in the breakage of the char layer, which caused a release of combustible gases
and an increase of THR. Moreover, pHRR was not decreased by adding GNP. These were major
contributions to poor FRI. Since ave-EHC, CO, and CO; production, which reflected the

chemical reaction process [20], of EP/0.5DOPO were similar to those of the neat epoxy resin,
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this indicated that GNP did not interfere with the gas phase reaction. For EP/3DOPO, the poor
FRI was mainly due to low TTI, which could be a result of relatively low T4 of DOPO as
compared to the neat epoxy resin, meaning that EP/3DOPO decomposed earlier than neat epoxy
resin, as evidenced in the TGA results. Combining 0.5 wt % GNP with 3 wt % DOPO could
delay TTI of the epoxy composite, but THR was increased, which was a major contribution to
the poor FRI. In both cases, avg-EHC did not decrease, indicating that no gas phase reaction
occurred. Since DOPO was responsible for the effect on the gas phase reaction, we concluded
that the loading of 3 wt % DOPO in our epoxy system was not enough for DOPO to affect the
gas phase reaction. The combination of 10 wt % DOPO and 0.5 wt % GNP could additionally
promote the FRI to 1.9 as compared to the epoxy resin loaded with 10 wt % DOPO, which
showed FRI at 1.7.

Since FRI is a relative value indicating the flame retardancy efficiency of the composites with
respect to the neat epoxy resin, this allows us to compare the influence of additives on the flame
retardancy efficiency of different epoxy resin systems. Our results demonstrated that, in terms
of the FRI values, DOPO showed better flame retardancy performance as compared to GNP.
Our finding was consistent with the previous review work, which extracted the information
regarding flame retardancy efficiency from a number of literature [54]. They reported that
generally phosphorous-containing flame retardants were more effective in terms of flame
retardancy in epoxy resin as compared to nanoparticle fillers [54]. Specifically, they showed
that DOPO-incorporated epoxy resins with the DOPO loading ranging from 1.3 to 13 wt % had
an FRI in the range of 0.8 to 3.94. Regarding graphene-related materials including GNP,
expanded graphite, graphene oxide and reduced graphene oxide, with the nanoparticle loadings
ranged from 1 to 30 wt %, the FRI of the epoxy nanocomposites were in the range of 0.98 to
2.34. It can be seen that epoxy filled with DOPO could achieve better FRI than epoxy filled
with graphene-related materials, while loadings of DOPO (1.3 — 13 wt %) were less than

loadings of graphene-related materials (1 — 30 wt %).
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Table 2.3 Parameters from cone calorimetry analysis including TTI, pHRR, ave-HRR, ave-

EHC THR, TSP, ave-CO yield and ave-CO; yield.

Ave-
Ave-EHC Ave- CO Ave- CO2
pHRR HRR THR TSP FRI
Samples TTI (s) (300 s) yield yield
(kW-m™) (300s) MJ-m?) (m? )
(MJ-kg) (kg'kg™)  (kg'kg™)
(kW-m?)
Neat epoxy 34 1246 384 21.3 117 30.3 0.05 1.6 -
EP/0.1GNP 40 1285 411 23.9 125 34.0 0.06 1.7 1.1
EP/0.5GNP 38 1263 425 24.8 130 33.7 0.06 1.8 1.0
EP/1GNP 42 1189 410 24.0 126 334 0.06 1.7 1.2
EP/3DOPO 28 1226 355 22.0 108 37.1 0.08 1.5 0.9
EP/10DOPO 37 996 315 19.5 96 36.4 0.11 1.3 1.7
EP/20DOPO 18 902 259 13.6 81 39.2 0.10 0.7 1.1
EP/30DOPO 29 927 201.1 13.9 60.1 35.7 0.10 0.8 2.3
EP/3DOPO/0.5GNP 34 1208 385.4 23.2 118 494 0.12 1.7 1.0
EP/10DOPO/0.1GNP 31 1116 323.7 20.9 98.4 38.5 0.12 1.3 1.2
EP/10DOPO/0.5GNP 38 989 2942 19.1 89.3 355 0.11 1.3 1.9

Studies have reported enhanced flame retardancy property by adding graphene-related

materials. For example, when 5 wt % of multilayer graphene was added to polypropylene and

5 wt % of graphene nanosheets were added to epoxy resin, they could achieve FRI of 2.9 [21]

and 4.4 [24], respectively, which were considered good performance in terms of FRI [51].

However, the amounts of graphene-related materials used in those studies were at least 5 wt %,
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which could adversely affect the mechanical properties of the epoxy composite according to
our findings. By combining DOPO and GNP, the loading amount of GNP could be reduced and
the flame retardancy property could be improved without worsening the mechanical properties

of the nanocomposites, which was demonstrated in this work.

As shown in our study, the flame retardancy efficiency of epoxy resins could be enhanced by
the incorporation of DOPO since DOPO could act in both the condensed phase and gas phase
to retard the flame. By combining DOPO and GNP, the flame retardancy efficiency could be
further improved to some extent as compared to the EP/DOPO composite due to the effect of
GNP on delaying the ignition time and improving char formation. One might consider
increasing the GNP loading to achieve better flame retardancy performance; however, a balance
must be considered due to the adverse effect on the mechanical properties of the composites

resulting from agglomeration of GNP at high loading.

2.4 Conclusions
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Figure 2.9 Comparison, with respect to neat epoxy resin, of the mechanical, electrical, and
flame retarding properties of epoxy composites with different loading amounts of GNP and

DOPO.

Epoxy-based composites with homogeneously dispersed GNP were produced using a three-roll
milling process. DOPO was also successfully incorporated into the epoxy resin. The electrical
percolation threshold was detected at 0.006 volume fraction of GNP or 1.6 wt % GNP. Both
DOPO and GNP could enhance the flexural modulus and flexural strength of the epoxy
composites. Unlike aromatic hardeners, the linear structure of polyetheramine, which was the
hardener used in this study, allowed the rigidity of grafted DOPO to dominate the flexural

modulus of the composites; therefore, the flexural modulus increased continuously as the
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DOPO loading increased, although the crosslinking density decreased when DOPO was
incorporated. However, higher DOPO and GNP contents (more than 10 wt % DOPO and 1 wt
% GNP) could cause difficulty in composite manufacturing due to an increase in viscosity,
which resulted in poorer dispersion of GNP and poorer flexural strength of the composites.
Since incorporation of DOPO depleted the crosslinking density of the epoxy thermoset, the
glass transition temperature decreased as DOPO loading increased. Thermogravimetric analysis
showed that both GNP and DOPO could enhance the char residues. Incorporating 10 wt %
DOPO could reduce the peak heat release rate (pHRR) and the total heat release (THR) of epoxy
composites by 20% and 18%, respectively, compared to the neat epoxy resin. Increasing GNP
loading up to 1 wt % did not significantly affect the pHRR of epoxy composites, but increased
the THR by 8% and delayed TTI. These three parameters, pHRR, THR, and TTI could be
converted to FRI. The results revealed that EP/DOPO had better FRI than EP/GNP. Using
DOPO and GNP together could further improve FRI to some extent and achieve good

performance regarding the FRI criterion.

The effects of GNP and DOPO loading on the composites’ properties are illustrated in Fig. 2.9.
Here, based on a DGEBA/polyetheramine system, we proposed the combination of 10 wt %
DOPO and 0.5 wt % GNP as an optimal formulation providing enhanced flexural modulus and
strength, an improvement in flame retarding efficiency of the composite by lowering the pHRR
and THR by 21% and 24%, respectively, and maintained electrical insulating properties of the
epoxy resin.

Supplementary Materials: The supplementary information is available online at
http://www.mdpi.com/2073-4360/12/10/2349/s1 and in Appendix A in this thesis. Figure Al:
Reaction between epoxy resin (DGEBA) and DOPO, Figure A2: ATR-FTIR spectra indicating
the functional groups of DOPO, neat epoxy and epoxy/DOPO mixture, Figure A3: Storage
modulus (E') and tan 6 of neat epoxy resin and EP/10DOPO obtained from DMTA, Table Al:
Formulations of epoxy resin and DOPO-incorporated epoxy resin cured with polyetheramine
(Jeffamine D-230), Table A2: Identification of observed peaks from FTIR spectra of DOPO,

neat epoxy and epoxy/DOPO mixtures, Table A3: Electrical properties of the epoxy/GNP
composites
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Calculation of Epoxy/Hardener Ratio and Epoxy Equivalent Weight (EEW)
The epoxy/hardener ratio was calculated according to the following equation:

Epox . AHEW
—P2%Y_ratio = x 100,
hardener EEW

where amine hydrogen equivalent weight (AHEW) of Jeffamine D-230 is 59.52 g/eq;
EEW of neat epoxy= 186 g/eq (averaged value).

Therefore, the epoxy/hardener ratio is 32. For DOPO-incorporated epoxy resin, EEW value
increased as the DOPO content increased due to the reaction between epoxide groups and
DOPO molecules as displayed in Fig. A1. The EEW can be calculated as follows:

Mass of epoxy resin+mass of DOPO

mass of epoxy resin mass of DOPO)
EEW of epoxy resin MW of DOPO

EEW =
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Reaction between Epoxy and DOPO

R

Figure A1 Reaction between epoxy resin (DGEBA) and DOPO
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Figure A2 ATR-FTIR spectra indicating the functional groups of DOPO, neat epoxy and
epoxy/DOPO mixture
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Table A1 Formulations of epoxy resin and DOPO-incorporated epoxy resin cured with

polyetheramine (Jeffamine D-230)

Epoxy resin DOPO mass Hardener mass Phosphorous content
mass (g) (2 (2 (Wt.%)
100 0 32 0
100 3 30 0.3
100 10 27 1.0
100 20 22 2.0
100 30 18 2.9

Table A2 Identification of observed peaks from FTIR spectra of DOPO, neat epoxy and

epoxy/DOPO mixtures

Compound Region (cm™) Assignment

DOPO 3353 O-H stretching
3060 aromatic C-H stretching
2384 P-H stretching
1593 aromatic C=C stretching
1147 P=0 stretching
990 P-H bending
753 aromatic C-H bending (ortho-substituted)
682 P-C stretching

Neat epoxy 3200-3500 O-H stretching

2964, 2926, 2871
1606, 1506, 1454
1581
1361
1295

1182

C-H stretching of sp> CH
aromatic C=C stretching
aromatic C=C bending
sp® C-H bending
aromatic C-C stretching

C-C symmetrical stretching
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EP/30DOPO

1031

914

827

770

3200-3500

2962, 2927, 2869

1606, 1507, 1448

1581

1361

1294

1181

1117

1033

908

826

755

686

C-O-C of ether

C-O stretching of oxirane group
aromatic C-H bending (para-substituted)
C-H bending

O-H stretching

C-H stretching of sp> CH

aromatic C=C stretching

aromatic C=C bending

sp® C-H bending

aromatic C-C stretching

C-C symmetrical stretching

alkoxy C-O from ring opening of epoxide group

C-O-C of ether

C-O stretching of oxirane group

aromatic C-H bending (para-substituted)
aromatic C-H bending (ortho-substituted)

P-C stretching

Electrical Properties of the Epoxy Nanocomposites

Table A3 Electrical properties of the epoxy/GNP composites

GNP GNP content Measured
Resistivity Conductivity
content (volume Discharge type electrical
(Ohm-m) (S/m)
(wt.%) fraction) resistance (2)
sphere to sphere line
0.1 0.0004 spark 1.00E+12? 1.00E+10° 1.00E-10
sphere to sphere line
0.5 0.0019 spark 1.00E+12* 1.00E+10° 1.00E-10
sphere to sphere line
1 0.0038 spark 1.00E+12* 1.00E+10° 1.00E-10
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2 0.0076 corona 7.33E+08 3.23E+06 3.10E-07
3 0.0117 corona 4.34E+07 1.91E+05 5.24E-06

changing between

4 0.0156 corona and line 9.81E+05 4.32E+03 2.32E-04

5 0.0197 line 9.38E+05 4.13E+03 2.42E-04

8 The values were measured in order of magnitude.

® The values were approximated using the relationship in Equation Al and the order of
magnitude of the electrode dimensions.

In order to interpret the results from the discharge test, three different phenomena can happen
according to the electrical properties of each material. In case of insulating material, the hard
spark can be observed between the two metal spheres. For conductive or low-resistant material,
line spark originating from the metal spheres to the samples can be detected. If the sample is
dissipative and has high resistance, a corona or smooth discharge can be observed between the
metal spheres and the sample.

The resistance of the composites with the GNP content ranging from 0 wt.% to 1 wt.% was
over the detection limit of the multimeter; therefore, the surface resistance meter (SR110,
Wolfgang Warmbier GMBH & Co., Germany), which provided the measured results in orders
of magnitude ranging from 10° Q to 10'?> Q was employed. The results showed that the
resistance of these composites were in the order of 10'? Q. When the GNP content increased up
to 5 wt.%, the resistance decreased by seven orders of magnitude as shown in Table A3. The
relationship between resistance (2) and resistivity (2-m) is presented in Equation A1l.

R=pXx L

Equation Al
where R is resistance; p is resistivity; L is length between electrodes and A is the cross
sectional area between electrodes.

The percolation threshold can be calculated according to scaling theory as shown in Equation
A2, where o, and oy are the conductivity of the composite and the conductivity of the filler,
respectively, @ is the filler concentration, @, is the volume fraction of filler at the percolation
threshold, and t is the critical exponent that depends on the dimensionality of the GNP
network. GNP conductivity used was 102 S/m, which was the lower bound of the conductivity
reported by manufacturer (102 S/m when measured perpendicular to the sheet and 107 S/m
when measured parallel to the sheet). Normally, t=2 means GNPs form three-dimensional
network [39]. This equation is only feasible when ® > ®_. To calculate the volume fraction of
GNP, the density of GNP, epoxy, and hardener used were 2.2 g/cm?, 1.17 g/cm? and 9.47 g/cm?,
respectively.
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o, = 0p (P — D)t Equation A2

The electrical conductivity of the EP/GNP composites improved by three orders of magnitude
when the GNP content increased from 1 wt.% to 2 wt.% corresponding to 0.0038 — 0.0076
volume fraction. The precipitous increase in conductivity suggested that the electrical
percolation threshold should be between 1 wt.% and 2 wt.% GNP.
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Abstract

Due to their mechanical strength, thermal stability and electrical conductivity, graphene-related

materials (GRMs) have been extensively explored for various applications. Moreover, GRMs
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have been studied and applied as fillers in polymer composite manufacturing to enhance poly-
mer performance. With the foreseen growth in GRMs production, occupational and consumer
exposure is inevitable, thus raising concerns for potential health risks. Therefore, this study
aims 1) to characterize aerosol particles released after mechanical abrasion on GRM-reinforced
epoxy composites, 2) to quantify the amounts of protruding and free-standing GRMs in the
abraded particles and 3) to assess potential effects of the pristine GRMs as well as the abraded
particles on human macrophages differentiated from the THP-1 cell line in vitro. GRMs used
in this study included graphene nanoplatelets (GNPs), graphene oxide (GO), and reduced gra-
phene oxide (rGO). All types of pristine GRMs tested induced a dose-dependent increase in
reactive oxygen species formation, but a decrease in cell viability was only detected for large
GNPs at high concentrations (20 and 40 pug/mL). The particle modes measured by the scanning
mobility particle sizer (SMPS) were 300-400 nm and by the aerodynamic particle sizer (APS)
were between 2-3 pm, indicating the release of respirable particles. A significant fraction (51%
to 92%) of the GRMs embedded in the epoxy composites were released in the form of free-
standing or protruding GRMs in the abraded particles. The abraded particles did not induce any
acute cytotoxic effects.

Keywords: Graphene-related materials, Nanocomposites, Release, Abrasion, In vitro toxicity,
Lung

3.1 Introduction

Graphene is a two dimensional single atomic layer material consisting of hexagonally arranged
sp? carbon. This allows graphene to possess exceptional properties such as high charge carrier
mobility of 2.5 x 10° cm? V! s™! at room temperature [1], superior elastic properties of 1 TPa
[2], and excellent thermal conductivity with reported values up to 5300 W m ™! K™! [3]. Despite
graphene's unique characteristics, it is challenging in terms of costs and processing to produce
high quality graphene in bulk. Graphene related materials (GRMs) such as graphene nanoplate-
lets (GNP), graphene oxide (GO), and reduced GO (rGO) are derivative species of graphene
containing a few to multiple graphene layers. They can be classified according to their thick-

ness, C/O ratio or lateral size [4].

GRMs are studied and applied as filler to enhance the properties of polymers. Epoxy is a widely
used thermoset polymer with a variety of applications as structural, coating and adhesive ma-
terials in several fields such as automotive, aeronautics and electronics, due to its high chemical
resistance, good adhesive strength, ease of processing, and reasonable price. However, it is
brittle and has poor thermal and electrical conductivity [5,6]. The addition of GRMs can im-
prove electrical properties [7,8], thermal conductivity [9,10], mechanical properties [11-13],

and flame retardancy [ 14—18] of epoxy composites.
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Due to an increased interest in possible applications of GRMs, concerns about their risk and
potential adverse effects on human health have been raised, in particular upon inhalation that
represents the most likely route of exposure. Several in vitro and in vivo studies, with different
exposure conditions, doses and time points, have shown that some types of GRMs can either
induce cell apoptosis, oxidative stress or DNA damage, while others did not induce any adverse
effects [19-23]. The toxicity of GRMs is generally dependent on their physicochemical prop-
erties including lateral dimension, surface structure, and functionalization, as well as on their
dispersion state and exposure doses [19,20,24-28]. For example, Mittal and colleagues revealed
that both lateral dimension and functional groups play an important role on the internalization
of graphene derivatives including GO, thermally reduced GO and chemically reduced GO by
human lung cells [27]. Thermally reduced GO, having smaller lateral size than GO and sharp
corners that promoted cellular uptake, showed increased adverse effects on cell viability, oxi-
dative stress and genotoxicity as compared to GO and chemically reduced GO [27]. Surface
properties such as the C/O ratio of GRMs also play an important role on their toxicity effects.
GNPs are hydrophobic, while the GO is more hydrophilic due to oxygenated groups. The hy-
drophilicity of rGO is between that of GNP and GO. GO was reported to cause significantly
less cytotoxicity to A549 human alveolar basal epithelial cells than rGO probably due to differ-
ences in hydrophilicity [29]. Moreover, because of higher oxygen content and higher hydro-
philicity of GO, which facilitates the formation of a protein corona [30] and prevents particle
agglomeration [31], GO showed less cytotoxicity to human erythrocytes and skin fibroblasts
(CRL-2522) than GNP [31].

During the use phase of the GRM-containing composites, GRMs might be released from the
composite due to degradation of the matrix by means of mechanical force, thermal degradation,
hydrolysis or UV exposure [32,33]. The released particles might be in the form of free-standing
GRMs, GRMs fully-embedded in polymer matrix, or GRMs partially protruding from polymer
matrix. They might pose risks to human health depending on their size and shape. Particles with
an aerodynamic diameter smaller than 100 um can be inhaled, but only a certain percentage of
the particles with an aerodynamic diameter smaller than 10 um can penetrate to the alveolar
region of the lung [34]. The 2D morphology of GNPs and other GRMs leads to a significant
difference between the geometric dimensions (thickness and lateral size) and the aerodynamic

. o . . . . . . .
size (d, = ’Ei dprojt, Where dg is aerodynamic diameter, d,,,; is projected diameter, ¢ is

platelet thickness and p and pq is particle density and unit density, respectively) [21]. This
means that the aerodynamic size of such 2D materials can be much smaller than their lateral
dimension, represented by the projected area diameter. Su and colleagues studied the deposition
of graphene nanoparticles with a lateral size of 2 pum using human upper airway replicas includ-
ing nasal and oral-to-lung airways. Only a small fraction (less than 4%) of the graphene nano-

particles were deposited on the studied airways with a deposition efficiency lower than 0.03,
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implying that the inhalable fraction of graphene nanoparticles could penetrate and deposit into

the lower lung compartments [35].

In contrast to pristine nanoparticles, hazard assessment of processed particles released from
nanoparticle-containing products are scarce and there is, to the best of our knowledge, no study
available on the biological impact of particles released from GRM-reinforced composites. For
example, the toxicity of the particles generated in the workplace by machining process of six
different epoxy/carbon fiber composites was investigated in vitro using rabbit alveolar macro-
phages and in vivo using direct intratracheal injection into rat lungs [36]. They found that in
vitro and in vivo results showed similar ranking for all samples. The toxicity results showed
that two of the composites were more toxic than the reference inert particle (Al20O3) for alveolar
macrophages, while other four composites showed little toxicity. The inconsistent results
among different composites suggested that the composition of the matrix material, i.e. types of
epoxy and hardener, could play an important role for the different biological impacts [36—38].
For epoxy/carbon nanotube (CNT) composites, Schlagenhauf and co-workers found that
abraded particles contained a low fraction of free-standing or protruding CNTs but they did not
significantly induce reactive oxygen species (ROS) formation, DNA damage, release of inflam-
matory cytokines, or cytotoxicity in differentiated human THP-1 macrophages and A549 hu-
man alveolar epithelial cells [39]. Pang ef al. investigated the in vitro toxicity of released parti-
cles from sanding process of nanoscale copper phthalocyanine (n-CuPc)-containing automobile
coatings on mouse macrophages. They demonstrated that although n-CuPc itself induced the
formation of ROS, the released particles did not induce the ROS formation because n-CuPc
particles were embedded in the polymer matrix [40]. A recent study found that released nano-
clay particles from low-density polyethylene (LDPE) composites by aging process using UV
and ozone did not induce ROS formation nor a decrease in cell viability on A549 alveolar epi-
thelial cells at both 24 h and 48 h time points [41].

Overall, there is inconsistency of the biological impacts of pristine GRMs and a lack of studies
on the released particles from the GRM-containing composites, which is critical to the safe and
sustainable design of novel GRM-reinforced composites. To fill this knowledge gap, we aim to
perform a comprehensive analysis on the safety of GRMs along some stages of the life cycle of
epoxy/GRM composites i.e. the occupational exposure to pristine GRMs and the exposure to
released particles during the use phase simulated by an abrasion process. This includes investi-
gations on acute toxicity of pristine GRMs (commercial GNP, GO and rGO) with distinct phys-
icochemical properties on human macrophages differentiated from THP-1 cell line, particle size
distributions (PSDs) of released particles from abrasion of epoxy/GRM composites, quantifi-
cation of the amount of free-standing and protruding GRMs from the abraded particles and
acute cytotoxicity of released particles on differentiated THP-1 macrophages. In this study,
epoxy resin, which is an important and frequently used polymer, was chosen as polymer matrix

to produce the GRM-reinforced composites due to its transparency and ease of manufacturing.
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We used human macrophages differentiated from THP-1 cell line for cytotoxicity evaluation
because they are important for host defense mechanism and cellular response to foreign parti-
cles deposited in the lungs, which signify the acute inhalation toxicity in vitro. The results are
essential for the hazard and risk evaluation of occupational and consumer exposure and will

support the safe development and use of GRM-reinforced polymer composites.
3.2 Material and Methods
3.2.1 Fabrication of Epoxy/GRM Composites

Five types of GRMs were assessed including two types of GNP: GNP-1 (Cheaptubes, USA)
and GNP-2 (XG Science, USA), two types of GO: GO-1 (Cheaptubes, USA) and GO-2 and one
type of reduced GO (rGO). GO-2 and rGO were provided by Université Paul Sabatier, CNRS,
Toulouse, France. The epoxy and hardener used were diglycidyl ether of bisphenol A, DGEBA
(Araldite GY 250, Huntsman, USA) and Jeffamine D-230 (Huntsman, USA), respectively. In
order to manufacture the epoxy/GRM composites, epoxy resin and 1 wt % GRMs were mixed
manually and homogenized using a high speed mixer at 2000 rpm for 5 min. Then GRMs were
evenly dispersed in the epoxy matrix using a three-roll-mill (SDY 200, Biihler AG, Switzer-
land). After addition of hardener, mixing and degassing, the mixture was poured into a metal
mold and cured at 80 °C for 12 h and post-cured at 120 °C for 4 h. The fabricated composites

were cut to the desired size for an abrasion process.

3.2.2 Characterization of Pristine GRMs and Abraded Particles

Morphology of pristine GRMs and released particles from the composites were characterized
using scanning electron microscope (SEM) (Nova NanoSEM 230). SEM equipped with EDX
was used to analyze the elemental composition of the materials. Atomic force microscopy was
conducted with Solver Nano atomic force microscope (NT-MTD Spectrum Instruments, Mos-
cow, Russia) to analyze the thickness of pristine GRMs. Raman spectra were obtained using a
Raman spectrometer (Senterra, Bruker, Billerica, MA). Diffuse reflectance Fourier transform
spectroscopy (DRIFTS) was performed using a VECTOR 22 spectrometer (Bruker Optics). X-
ray photoelectron spectroscopy was performed with a Scanning XPS Microprobe system (PHI
VersaProbe II spectrometer, Physical Electronics) using monochromatic Al Ko radiation
(1486.6 eV). Two random spots per sample were analyzed with a microfocused X-ray beam of
100 um diameter and dual beam charge neutralization. The samples were pressed onto an in-
dium foil producing flat and continuous areas (no indium signal was observed in the spectra).
Survey scan spectra (0-1100 eV) were acquired with 0.8 eV energy step width, 187.85 eV pass
energy and 200 ms acquisition time per data point. In addition, higher resolution scans over
carbon C 1s and oxygen O 1s were measured (0.125 eV energy step width, 29.35 eV pass en-
ergy, 2.4 s acquisition time each per data point). More details about the XPS measurements are

given in [26]. X-ray diffraction was performed on an X-ray diffractometer with the scan range
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between 5 and 80 degrees and scan rate of 0.017. Zeta potential and hydrodynamic size distri-
bution of both pristine GRMs and released particles were characterized using a Zetasizer (model
Nano ZS, Malvern Instruments, Worcestershire, UK). For zeta potential measurement, the par-
ticles were dispersed in 10% PBS in water. It was not feasible to measure the zeta potential in
biological medium since the high ionic strength and the biological constituents in the medium
could induce electrode blackening, which could cause errors to the measurement results. The
average values of three consecutive measurements were reported. The particle dispersions were
prepared in water and complete RPMI-1640 cell culture medium followed by ultra-sonication
prior to hydrodynamic size measurement. Due to instability of the particle dispersion, ultra-
sonication was performed just before each size measurement. The mean Z average (Zave) size
was obtained from three separate measurements. GRMs were tested for endotoxin contamina-
tion with an Endosafe® PTS portable test system (PTS100, Charles River Laboratories; tem-
perature control 37 £ 1°C; photo detectors at 395 nm wavelength) and Endosafe®PTS Car-
tridges (Charles River Laboratories, Charleston, USA; assay sensitivity 0.01 EU/mL) according
to the manufacturer’s instructions. Further technical details were reported in previous studies
[23,26].

3.2.3 Abrasion Process and Particle Collection

The schematic of the experimental set up is depicted in Fig. B1 (adapted from Schlagenhauf et
al. 2012 [42]). In this study, we used a Taber abraser (Model 5135, Taber, North Tonawanda,
NY) equipped with S-42 sandpaper strip wrapped around a CS-0 wheel and an additional weight
of 1 kg to simulate the sanding process on the surface of the composites. The released particles
from the abrasion were drawn from the abrasion area by a rectangular probe, that was placed
next to the abrasive wheel above the composite, with a small suction area of 40 mm? to increase
the air flow rate near the sample surface, while the suction area used in the study of Schlagen-
hauf et al., 2012 [42] was 48 mm?. The samples were analyzed using two instruments including
an aerodynamic particle sizer (APS) (Model 3321, TSI) and a scanning mobility particle sizer
(SMPS) consisting of a differential mobility analyzer (DMA) (Model 3080, TSI, Shoreview,
MN) and a condensation particle counter (CPC) (Model 3775, TSI). These instruments enable
online measurement of the particle size distribution of the release particles. After that, the par-
ticles were collected on Nuclepore track-etched polycarbonate membranes (Whatman) with a
pore size of 0.2 um. The flow rate was generated by the vacuum line and monitored in the range
of 9 to 11 L/min using a mass flow controller (Model GFM37, Aalborg, NY). With our setup,
the SMPS analyzed the particles with electrical mobility diameter ranging from 13 to 573 nm,
while the APS analyzed the particles with aerodynamic diameter ranging from 0.54 to 19.81
um. At least three particle size distributions were collected from each sample. The collection
of abraded particles for in vitro toxicity analysis and for further characterization was performed
without the SMPS and the APS to reduce the loss of particles through tubing.
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To validate the experimental set up, we also performed experiments with polystyrene latex
(PSL) particles with well-defined sizes of 105 nm, 1 um and 2 pm. A house-made atomizer was
employed to generate aerosol particles of PSL dispersions. After the diffusion dryer (silica gel),
the aerosol particles entered the instrumentation (either SMPS or APS). The results demon-
strated that using a rectangular probe did not affect the particle size distributions of the aeroso-
lized particles (Fig. B2).

The Origin 2018 software (OriginLab Corporation, Northampton, MA) was used to fit the par-
ticle size distributions to lognormal distribution (Equation 3.1) (coefficient of determination >
0.99). The parameters in Equation 3.1 are listed as follows: f(d) is the normalized fraction of
the measured particle size distributions as a function of particle size, d; n is the number of the
fitted modes; y, is the baseline of the lognormal distribution; A; is the area under the graph of
each fitted mode; w; is the standard deviation of each fitted mode; y; is the mean of each fitted

mode.

Ai (In(d)—py)* .
f(d) = ?:1 Yoi t V2rwd exp (— —Zﬂ> Equation 3.1

2w;

3.2.4 Detection and Quantification of Free-Standing and Protruding GRMs

Raman spectroscopy mapping was employed to differentiate between GRMs from epoxy in the
abraded particles. The abraded particles from epoxy/GNP-2 composite were used as representa-
tive for Raman spectroscopy mapping. Raman mapping were performed with a WITec Alpha
300 R confocal Raman microscope in backscattering geometry. As excitation a Laser with
wavelength of 532 nm and 0.25 — 5 mW power was employed. To focus the light on the sample
a 50x Objective (Zeiss, numerical aperture = 0.55) is used. The backscattered light was coupled
to a spectrometers: a 300 mm lens-based spectrometer with a grating of 600 g/mm equipped
with a thermoelectrically cooled CCD. An area of 35 pm x 35 um (115 x 115 points) was
scanned with an integration time of 2 s per point. The area intensity map was plotted with spatial

average size of 2.

The released particles might contain particles with free-standing GRMs, GRMs fully-embedded
in polymer matrix, or GRMs partially protruding from the polymer matrix. The GRMs that are
not completely covered by epoxy matrix are called exposed GRMs, including the free-standing
and the partially protruding forms. To determine the exposed fraction of GRMs in the abraded
particles, an indirect quantification approach using lead-labeling techniques combined with in-
ductively coupled plasma - optical emission spectrometry (ICP-OES) was applied [39]. Lead
ions adsorbed on the GRMs can be desorbed from the exposed part of the GRMs, whose amount
can be correlate to the desorbed lead ions detected. Therefore, this method can quantify the

amount of exposed GRMSs, but it cannot differentiate between free-standing and protruding
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GRMs. It is important to emphasize that the Pb**-labelled GRMs were only employed for quan-
tification of free-standing and protruding fraction of GRMs by ICP-OES. Other experiments
were performed using the Pb?*-free specimen.

Lead-Labeling of GRMs and Determination of Pb’* Adsorption and Release Capacity

Three GRMs, GNP-1, GNP-2 and GO-1, were used as representatives for a wide range of dif-
ferent species of GRMs. Adapting the lead uptake and release approach of Schlagenhauf ez al.,
2015 [39], master batches of lead-labeled GRMs were produced. Lead ion (Pb?") was used as
the labeling element for GRM detection. Pb**-loaded GRMs were produced by immersion of
1.5 g of GRMs in 400 mL of Pb*" solution. The Pb*" solution was prepared by dissolving 200
mg of lead (II) acetate trihydrate in 1 L of Millipore water. The GRMs were dispersed in the
solution by ultra-sonication for 30 min. After further stirring for 2.5 h, the Pb**-loaded GRMs
were collected by filtration and dried at 50 °C under vacuum for 14 h. The Pb** uptake capacity
was analyzed by immersion of 100 mg Pb**-loaded GRMs into 5 mL 0.1 M HNOs for 1 h. Then
the GRMs were filtered out by centrifugal filtration (Amicon Ultra-4 30 kDa, Merck Millipore)
at 3000 rpm for 10 min. The filtrate was collected for Pb*>" analysis by ICP-OES (Vistra-PRO,
Varian Inc., Palo Alto, CA).

Detection of Pb** by ICP-OES

100 mg of abraded epoxy/Pb*"-loaded GRM particles were immersed in 5 mL of 0.1 M HNOs
for 1 h. The GRMs were removed by centrifugal filtration and the Pb*" concentration in the
filtrate was analyzed by ICP-OES. Three independent measurements of each GRM sample were
performed. In addition, two control samples were produced to detect potential leaching of lead
ions into the epoxy (control A) and to determine, after adding the hardener, how much lead ions
might be released into epoxy matrix and later exposed by abrasion process (control B). For
control A, 1 g of epoxy resin was mixed with 0.1 g of lead-coated GRMs and ultra-sonicated
for 1 h. Then the GRMs were removed by filtration. The remaining epoxy was dissolved in
acetone and 0.1 M HNOs, consecutively. The solution was analyzed for Pb** by ICP-OES. For
control B, the highest possible amount of Pb*" that could be absorbed and released by GRMs
was added into epoxy. Then hardener was added and the mixture was cured at 80 °C for 12 h
and post-cured at 120 °C for 4 h. After curing, abrasion process was performed for control B.
Control B was assumed as an extreme case when all of the loaded lead ions were released from
GRMs into epoxy matrix due to the addition of hardener and tested how much such lead ions
could be detected in the abraded particles after abrasion process. The abraded particles were
analyzed for Pb?" by ICP-OES as described above.
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3.2.5 Cell Culture and Cell Treatment

Human THP-1 monocytes were obtained from European collection of cell cultures (Lot num-
ber13 CO11,ECOCC, England). After thawing cells were grown in suspensions in T75 cell cul-
ture flasks, sub-cultured at least three times prior to experiments and were grown in complete
cell culture medium (RPMI-1640 medium, Sigma-Aldrich) supplemented with 10% fetal calf
serum (FCS, Sigma-Aldrich), 1% L-glutamine (Sigma-Aldrich) and 1% penicillin—streptomy-
cin—neomycin (PSN, Sigma-Aldrich). Cells were maintained at 37 °C and 5% CO; in humidi-
fied atmosphere and routinely sub-cultured twice a week at 70-80% confluency. For experi-
ments, THP-1 monocytes were differentiated to macrophages with 200 nM phorbol 12-
myristate 13-acetate (PMA; Sigma-Aldrich) for 72 h before particle exposure. THP-1 cells were
seeded in well plates with densities of 4x10* cells per well (96 well/ 0.35 cm? growth area) in
200 ul medium (MTS, LDH and DCF assay), 2.5x10° cells per well (24 well/ 1.9 cm? growth
area) in 500 ul medium (for ELISA) or 5x10° cells per well (12 well/ 3.9 cm? growth area) in
1000 pul complete cell culture medium (for GSH) and cultivated for 72 h in presence of 200 nM
PMA. After differentiation, PMA containing medium was removed and the cells were washed
with pre-warmed phosphate buffered saline (PBS) twice before experiments. For all experi-
ments, stock dispersions of the tested materials of 1mg/mL in ultrapure water (GOs, rGO and
abraded particles) or sterile filtered (0.22um pores) 160 ppm Pluronic F-127 (Sigma-Aldrich)
in ultra-pure water (GNPs) were prepared by sonication for 10 min (ultrasonic bath, Sonorex
Super RK 156 BH, Bandelin) prior to usage and used for maximum one month. Stock disper-
sions were diluted to the final experimental concentrations in complete cell culture medium,
with a percentage of 10% dispersion in medium and suspensions were gently pipetted on top of

the cells growing in well plates.
Analysis of Cell Viability and Cytotoxicity (MTS and LDH assay)

Cell viability was assessed after 24 and 48 h of exposure by measurement of the metabolic
activity via MTS  (3-(4,5-dimethylthiazol-2-yl)-5-(3-cyrboxymethoxy-phenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium, inner salt) assay obtained as CellTiter96 Aqueous One Solution
(Promega). The assay was performed according to the manufacturer's protocol considering the
intrinsic GRMs absorbance. Differentiated THP-1 cells were exposed to 200 uL. of GRMs or
abraded particles diluted in complete cell culture medium at a concentration in the range of 0—
40 pg/mL for 24 and 48 h. Cadmium sulphate (CdSOs, Sigma-Aldrich) was applied as the pos-
itive control at a concentration of 1000 uM. After exposure, the medium was replaced by 120
uL MTS working solution (20 uLL MTS reagent plus 100 puL phenol-red free RPMI-1640).
Background absorbance was measured at 490 nm directly after addition of the working solution
to consider intrinsic absorbance of residual GRMs. Final absorbance was measured at 490 nm
in a microplate reader (Mithras2 Plate reader, Berthold Technologies, Germany) after incubat-

ing the cells at standard cell culture conditions for 60 min. Absorbance values were corrected
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for intrinsic GRMs absorbance by subtraction of the background values and normalized to un-

treated samples.

In addition, cytotoxicity was assessed by the lactate-dehydrogenase assay (LDH,CytoTox96®
Non-Radioactive Cytotoxicity Assay, Promega) according to the manufacturer's instruction.
Differentiated THP-1 cells were exposed to GRMs and abraded particles as mentioned before.
0.2%Triton X-100 (Sigma-Aldrich) served as positive control. After exposure, cell culture me-
dium was collected, centrifuged to remove GRMs and analyzed for LDH release. Assay reagent
was added to each well containing the collected cell culture medium and background absorb-
ance was measured at 490 nm right after application to consider the intrinsic absorbance of the
GRM in the medium. The 96-well plates were incubated at room temperature for 30 min and
final absorbance was measured at 490 nm in the Mithras2 microplate reader. The background
absorbance was subtracted from the final values and normalized to untreated samples. Cell free
interference assays were performed for pristine GRMs and abraded particles from neat epoxy
with the MTS assay at a concentration range of 0—40 pg/mL to exclude potential interference
reactions of GRMs with the assay reagents along with possible wrong interpretation (Fig. B12)
[43].

Detection of Reactive Oxygen Species and Oxidative Stress (DCF and GSH assay)

The formation of reactive oxygen species (ROS) was detected using a 2',7'-dichlorofluorescein
assay (HoDCF-DA) [44]. The cell-permeant H,DCF-DA (2',7'-dichlorodihydrofluorescein-di-
acetate; Molecular Probes, Invitrogen) enters the cells and intracellular esterases cleave off the
diacetate part. The resulting HoDCF is ROS sensitive. Its transformation to the fluorescent form
DCEF serves as a measure of total ROS production. GRMs and abraded particles were diluted in
Hank’s balanced salt solution (HBSS). Differentiated THP-1 cells were loaded with 50 uM
H>DCF-DA in HBSS per well and incubated in a humidified incubator at standard growth con-
ditions for 60 min. After washing twice with pre-warmed HBSS, cells were exposed to 100 pL
of particle dilutions followed by incubation in a humidified incubator at standard growth con-
ditions for 2 h. Positive control was 50 uM 3-morpholinosydnonimine (Sin-1, Sigma-Aldrich).
Fluorescence was measured in the Mithras2 microplate reader with excitation at A=485nm and
emission at A=528 nm. Fluorescence-values were blank-corrected and normalized to untreated
controls. To address the possibility of false-positive and false-negative results, we performed
cell free interference assays to evaluate the reactivity towards H>-DCF of the materials alone
(Fig. B12) [44].

The intracellular total reduced glutathione (GSH) content of the exposed THP-1 cells was meas-
ured using the Glutathione Assay Kit (Cayman Chemical) for deprotonated cell lysates. For cell
deproteination, cells were collected by gently scrapping them from the well plate. Cells were
then homogenised in 50 mM cold MES buffer (2-(N-morpholino)ethanesulphonic acid) and
centrifuged (10000 g for 15 min at 4 °C). The lysates were deproteinated by the addition of
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equal volumes of metaphosphoric acid (MPA) reagent to each sample. After 5 min incubation
at RT, samples were centrifuged (2000 g for 5 min at 4 °C) and assessed for their GSH content
according to the manufacturer’s protocol. L-Buthionine-sulfoximine (BSO; 300uM; Sigma-Al-
drich) for 24 h was used as a positive control. GSH analysis was performed following GRMs
exposure as described above for 24 h and 48 h. Absorbance was measured at 405 nm in the
Mithras2 microplate reader. Values are presented as fluorescence percentage relative to the

negative control, which was the cells without the treatment with tested materials.
(Pro-) linflammatory Cytokine Detection

The (pro-) inflammatory response of differentiated THP-1 macrophages after 24 h and 48 h of
exposure to GRMs, and abraded particles was analyzed with enzyme-linked immunosorbent
assays (ELISA) for the inflammatory markers interleukin 8 (IL-8), interleukin 6 (IL-6), inter-
leukin 1- beta (IL-1p) and tumor necrosis factor alpha (TNF-a), where the exposure time ranged
from 6 h and 24h. Lipopolysaccheride (LPS, from Escherichia coli, 1 mg/mL in complete cell
culture medium, Sigma Aldrich) served as the positive control to stimulate inflammatory re-
sponse. The amount of inflammatory proteins released in the supernatant was quantified by the
commercially available uncoated ELISA kits (Invitrogen) according to the manufacturer's pro-
tocol. Prior to analysis cell supernatants were centrifuged to remove GRMs. Measured values
(Mithras2 Plate reader, Berthold Technologies, Germany) were blank corrected and are shown
relative to the negative control. Interference assays for pristine GRMs and abraded particles
from neat epoxy were performed as described by Drasler and collegues [23], to exclude false-

positive and false-negative results (data not shown).
Cell Morphology

Phase contrast (Axio Imager 10x/20x/40x, Carl Zeiss AG, Switzerland) and fluorescence mi-
croscopy (CLSM, LSM780, 60x/1,40 oil, Carl Zeiss AG, Switzerland) analysis of differentiated
THP-1 macrophages were conducted after 24 h and 48 h of exposure to GRMs and abraded
particles. For fluorescence microscopy, cells were washed 3 times with PBS, fixed in 4% par-
aformaldehyde (PFA, in PBS, Sigma Aldrich) for 15 min and incubated in 0.1 M Glycine in
PBS for 15 min to remove the remaining PFA. Thereupon, cells were permeabilized with 0.2%
Triton X-100 (in PBS, Sigma Aldrich). F- actin was stained with Alexa-488 conjugated phal-
loidin (Life Technologies, Thermo Fisher Scientific, Switzerland), and nuclei were counter-
stained with DAPI (4',6-diamidino-2-phenylindole Life Technologies, Thermo Fisher Scien-
tific, Switzerland). DAPI (1:1000) and phalloidin (1:50) were diluted in 0.3% Triton X-100 and
1 g bovine serum albumin in PBS. Staining was performed for 1.5 h at room temperature. Cells
were washed 3 times with PBS and mounted with mowiol (Sigma-Aldrich) and kept at 4 °C

until microscopic analysis.
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3.2.6 Statistical Analysis

Results are expressed as mean + standard error of mean (StEM) with at least three independent
experiments (n > 3). Comparison between groups were evaluated by Student's #-test and two-
way analysis of variance (ANOVA) using the Graph Pad Prism (GraphPad Software Inc., La
Jolla, CA, USA). A statistical significance was defined as p< 0.05 compared to the control

group.
3.3 Results

3.3.1 Characterization of Pristine GRMs and Abraded Particles from Epoxy/GRM Com-
posites

(d) Summary of physicochemical properties of pristine GRMs

Pristine GRMs GNP-1 GNP-2 GO-1 GO-2 rGo

Lateral dimension

1-10 um 50-150 pm 1-50 ym 1-25 ym 1-25 pm
(SEM)
Number of layers or 6-8 nm @ Few to single layer @/ ~5 layers ©f < 4 |layers @Y
4.56 £ 1.06 nm ®©
Thickness 239+ 174 nm ® 216+211nm® 97.5+46.7nm® 108+ 859 nm®
Raman I{D)/{G) ratio (532 nm) 0.36 1.56 2.33 2.05 2.04
C/0 ratio © 20.3 33.5 1.8 21 4.7
Zeta-Potential
-54.9+3.56 -49.6 £ 3.65 -45.8 £ 2.93 -39.8+1.79 47329

in 10%PBS (mV) + SD

(e) Summary of zeta potential of abraded particles

Abraded particles Neat epoxy E/GNP-1 E/GNP-2 E/GO-1 E/GO-2 E/rGO

Zeta-Potential
-19.1+ 276 -18.4£1.76 -16+£1.5 -21.2+0.46 21.8+1.23 -155+1.35
in 10% PBS (mV) £ SD

@ Value from manufacturer
® Obtained from atomic force microscopy (AFM)
© Obtained from X-ray photoelectron spectroscopy (XPS)

Figure 3.1 Characterization of pristine GRMs and abraded particles from epoxy/GRM compo-
sites. SEM images of (a) pristine GO-2, (b) abraded particles from neat epoxy, (c) abraded
particles from an epoxy/GO-2 composite. (d) Summary of physicochemical properties of pris-
tine GRMs. (e) the zeta potential of abraded particles.
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The characterization results of physicochemical properties of pristine GRMs and abraded par-
ticles from epoxy/GRM composites are summarized in Fig. 3.1. SEM micrographs of pristine
GRMs showed loose agglomerates of micrometer-sized platelet-like (GNP-1, GNP-2, GO-2)
or sheet-like structures with some wrinkles (GO-1, rGO) (Fig. 3.1a-c and B3). The abraded
samples showed a broad range of differently sized particles with irregular morphologies and
rather flat surfaces. The presence of GRMs in the abraded particles could not be detected by
SEM imaging. The dispersion stability from zeta potential measurement revealed that pristine
GRMs were fairly stable in water (absolute zeta potential > 30 mV), whereas the abraded par-

ticles were more likely to agglomerate (Fig. 3.1¢).

Raman spectra showed similar absorption peaks of GNP-1 and GNP-2 containing D, G, and 2D
bands [45] at around 1355cm™, 1581 cm™ and 2700 cm, respectively (Fig. B4a). For GO-1,
GO-2 and rGO, strong D and G bands were observed while the 2D band appeared only weakly.
The intensity of the G band relates to the vibration of sp? hybridized carbon atoms, whereas that
of the D band associates with the vibration of sp® hybridized carbon atoms, missing atoms or
added atoms of other species than carbon in the carbon structures and the defects in the crystal
[46,47]. The intensity ratio [(D)/I(G) of GNP-1 and GNP-2 was clearly lower than that of GO-
1, GO-2 and rGO, suggesting that GO-1, GO-2 and rGO accommodated more oxidized carbons
with sp® hybridization than GNPs did. This is in agreement with XPS results showing higher
oxygen content of GOs and rGO than that of GNPs (Fig. 3.1d). Reproducible results were ob-
tained with XPS from the two different measurement points, pointing towards the homogeneity
of the investigated samples. Moreover, the fitting of functional groups to the obtained XPS
spectra demonstrated that both GNPs were similar in terms of composition and bonding with
only low amount of oxygen-containing functional groups. These groups are significantly en-
hanced in GO-1, GO-2 and rGO samples. Thereby, slight differences in the distribution of C-
0O, C=0 and COO type bonds were found between the GO-1 and GO-2 samples.

Regarding FTIR results (see Fig. B4b), all GRMs showed an absorption peak around 1400 cm’
!, which is the vibration peak of the O—H deformation [48]. The peaks between 1635 and 1683
cm’!, which were observed for all GRMs, can be assigned to either the stretching vibration of
C=C backbone or to the resonance of the O—H stretching of the absorbed water molecules or
hydroxyl groups between 3100-3600 cm™! [49]. The bending of C—OH bond was observed as
a sharp peak at 1521 cm™! for GO-1 and a small peak at 1540 cm™! for GO-2 [50], in agreement
with the XPS results, where GO-1 contained more C—O than GO-2.

The XRD patterns of GNP-1 and GNP-2 displayed the sharp diffraction at 2-theta 26.7° and
26.9°, which corresponds to the 002 crystal plane with a d-spacing of 3.31 A and 3.33 A, re-
spectively (Fig. B4c). The 001 crystal plane of GO-1 and GO-2 was observed at 2-theta 12.3°
and 12.2° associated with the d-spacing of 7.2 A for both GOs. The higher d-spacing in case of
GO indicates the presence of oxygen-containing functional groups (epoxy, hydroxyl, carboxyl)
on graphene sheets constructing GO [49,51]. The disappearance of the peak around 12° was
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observed for rGO, since the reduction of GO to rGO significantly removed the oxygen-contain-
ing functional groups from the graphene sheets. This is consistent with the FTIR results show-

ing the disappearance of O—H vibration peaks from rGO.

EDX mapping was employed to analyze the elemental compositions of the abraded particles,
specifically to identify whether the abrasive materials could be released from the sanding paper.
Since Al,O3; was the main component of the abrasive material, we used aluminum as an identi-
fication element. The representative SEM/EDX image of abraded particles from neat epoxy
showed only small amounts of aluminum (Fig. B5). This indicates that the release of abrasive
materials was negligible and is not expected to affect particle size distribution nor toxic effects
[42].

3.3.2 Particle Size Distributions of Abraded Particles

The particle size distributions of abraded particles from neat epoxy and epoxy/GRMs compo-
sites were analyzed and the results are shown in Fig. 3.2. Particle size distributions fitted with
lognormal distribution are presented in Table B3, which includes the particle mode, electrical
mobility (dc) and aerodynamic diameter (da), the count median diameter CMD (um), the geo-
metric standard deviation o, and the area fraction F. During abrasion, the total concentrations
measured by SMPS ranged from 0.5 X 10 to 1 x 10° particles/cm?® with background concen-
trations between 1000 and 1500 particles/cm® (CMD ~100 nm) and those analyzed by APS
ranged from 4000 to 6000 particles/cm® with background concentrations between 6 and 15 par-
ticles/cm® (CMD ~0.7 um).

The abraded particles from neat epoxy and epoxy/GNP composites showed three modes, while
those from epoxy/GO and epoxy/rGO composites showed four modes. The first mode was be-
low 500 nm and analyzed by SMPS (Fig. 3.2a), while the other modes were in the micrometer
range and measured by APS (Fig. 3.2b).

The first modes of all abraded particles were between 300 nm and 400 nm, and no clear differ-
ence in the particle size distributions among all abraded particles was observed. For the other
modes, there was no significant difference between the particle size distributions of neat epoxy
and those of epoxy/GNP, whereas a notable divergence in the particle size distributions between
neat epoxy and epoxy/GO, epoxy/rGO was apparent. For neat epoxy and epoxy/GNP, two
modes were detected. Mode 3 that ranged from 2 to 2.5 pm was more dominant than mode 2 at
I um. The particle size distributions of epoxy/GO and epoxy/rGO from APS contained 3
modes. Mode 2 at 0.6 um was the least significant mode. For epoxy/GO, the third mode at 0.8
um was more prevalent than the fourth mode at 2 um. For epoxy/rGO, the difference between
the fractions of mode 3 at 0.9 um and mode 4 at 2 pm were not as large as that of epoxy/GO.
Considering cumulative fractions, larger amounts of sub-micrometer particles were released

from epoxy/GO and epoxy/rGO as compared to neat epoxy and epoxy/GNP composites.
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(c) Summary of mode size of the PSD measured by SMPS and the size range measured by
APS of abraded particles

Neat
Abraded particles E/GNP-1 E/GNP-2 E/GO-1 EIGO-2 E/IrGO
epoxy

Mode size measured by SMPS (um) 0.333 0.302 0.314 0.338 0.327 0.341

Size range measured by APS (um) 1-2 1-2 1-2 0.6-2 0.6-2 0.6-2

Figure 3.2 Particle size distributions (PSD) of abraded particles from neat epoxy or
epoxy/GRM (E/GRM) composites. (a) Particle size distributions in the sub-micrometer range
(13-573 nm) measured by SMPS. (b) Particle size distributions in the micrometer range (0.54—
19.81 um measured by APS. The measurement data were the average of at least three experi-
ments. (¢) Summary of mode size of the PSD measured by SMPS and the size range measured
by APS of abraded particles.

3.3.3 Detection and Quantification of Free-Standing and Protruding GRMs

Raman spectroscopy mapping was employed to differentiate between GRMs from epoxy in the
abraded particles. The abraded particles from epoxy/GNP-2 composite were used as representa-
tive for Raman spectroscopy mapping. To quantify the fraction of exposed GRMs from the
abraded particles, epoxy/GRM composites were produced using GRMs (GNP-1, GNP-2 and
GO-1) that had been pre-labeled with lead ions. Abraded particles were subsequently subjected
to acid treatment and ICP-OES analysis to quantify the amount of Pb*" released from protruding
and free-standing GRMs [39].
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Detection of Free-Standing and Protruding GRMs from the Abraded Particles by Raman Spec-
troscopy Mapping

Owing to the distinctive Raman spectra of GNP, Raman mapping was performed in order to
differentiate GNP from epoxy in the abraded particles obtained from epoxy/GNP-2 composites.
The presence of free-standing and protruding GRMs was confirmed by the Raman mapping of
a representative area as shown in Fig. 3.3a and b, which qualitatively demonstrated the release
of GNP-2 from the abrasion process of the composites. Raman spectrum of reference abraded
epoxy particles exhibited the vibration of the epoxy backbone at 1114, 1185, and 1460 cm™,
the vibration of aromatic C=C at 1610 cm™ and the stretching vibration of aliphatic C-H bond
at 2800-3000 cm™'. The reference spectrum of GNP-2 shows the typical D band at around 1355
cm™!, G band at 1581 cm™! and 2D band at 2700 cm™. Fig. 3.3a shows a map of the intensity
ratio of the 2D band (center 2700 cm™, width 200 cm™) to an epoxy related band (center 3065
cm’!, width 60 cm™). The non-selected area indicated in gray was mainly the bare substrate not
covered by the abraded particles. The color scale indicated the darker color as higher epoxy
content and the brighter color as higher GNP content. The fate of GNP in the epoxy composites
after abrasion process could possibly be explained by the representative Raman spectra in Fig.
3.3b. GNP might be released from the composite without notable transformation represented
by spectrum A, which was almost identical to the GNP reference spectrum. GNP might be
transformed and released from the composite during the fabrication or abrasion process result-
ing in defected structure as evidenced by spectra B and C showing different I(D)/I(G) ratio from
the reference GNP-2. GNP might be still embedded in a thin layer of epoxy (spectra C and D)
since the spectra show both epoxy signature and GNP peaks. Representative spectra from flat
surface and cross-sectional surface of the composite (Fig. B6) always showed epoxy feature
because GNP was covered by epoxy, which could represent the GNP in the embedded form.
Therefore, we can assume that spectra A and B in Fig. 3.3b were more likely to represent free-
standing and/or protruding GNP because the epoxy feature did not appear. With Raman spec-
troscopy mapping, the presence of free-standing and/or protruding GNP (exposed GNP) can be

verified.
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Figure 3.3 Qualitative and quantitative detection of GRMs released from abrasion. Raman
spectroscopy mapping of abraded particles from E/GNP-2 showing (a) map of the ratio of the
intensity of the 2D band (center at 2700 cm™") as a marker of GNP-2 to the intensity of an epoxy
related Raman band (center at 3065 cm™"). The compared Raman bands are indicated in (b) by
gray areas. (b) Representative Raman spectra from different regions in the mapping area as
compared to reference GNP-2 and abraded neat epoxy. Red lines are guides to the eye indicating
the GNP-2 related Raman bands. (c) Pb?" release capacity of GNP-1, GNP-2, and GO-1 from
one representative example of each material. (d) Bar chart of the release fraction of Pb?" from
control samples and the exposed fraction of GRMs from three epoxy/GRM composites. Three
measurements were performed for each sample. The average mean values are reported with the
standard deviations. The concentration of Pb*" in control A (uncured samples) was below the

detection limit of 0.1 mg/L, which is marked by *.
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Quantification of Free-Standing and Protruding GRMs by Pb** Labelling Method

Pb*" Adsorption and Release Capacity by GRM

The release of Pb?* per unit mass of GRMs was determined to understand the adsorption and
release capacity from lead-loaded GRMs (Fig. 3.3c). GO-1 released the highest amount of Pb*"
with a value of 18.47 ug/mg followed by GNP-2 with a value of 13.88 ug/mg. A significant
lower concentration of 4.39 ug/mg was detected for the release of Pb*>" by GNP-1.

Detection of Exposed GRMs by Lead Ion Release

Two control samples, control A and B, were analyzed to verify that the lead ions measured by
ICP-OES were correlated to the amount of GRMs and not due to unspecified leakage of lead
ions caused by the manufacturing and/or abrasion process. Control A was evaluated to study
whether lead ions can leach from GRM into epoxy matrix. The results showed that the concen-
trations of leaching Pb** ions from the control A sample were not detectable by the ICP-OES
with a detection limit of 0.1 mg/L. Therefore, prior curing, lead ions did not detach from the
GRMs to leach into epoxy. However, Pb?" ions might be released from the GRM by dissolving
to the added hardener during the curing process under 80 °C, which means that the detected
Pb*" ions from the abraded particles were not correlated to the amount of exposed GRM. It is
not possible to confirm whether the lead ions were released or not after adding hardener and/or
during the curing process because GRM cannot be removed from the mixture of epoxy, GRM
and hardener after curing. Therefore, control B was produced by directly adding the lead ions
into epoxy to account for the maximum possible fraction of Pb>" ions leached out from the
cured epoxy composite by an abrasion process. The amount of added Pb*" ions was decided
based on the worst-case scenario that all Pb*>" ions absorbed on the GRM can be released from
GRM. Since the Pb*" absorption and release capacity of GO-1 was the highest among the con-
sidered GRMs, the corresponding amount of Pb*" that can be absorbed and released by GO-1
was selected as an extreme case assuming that all of the Pb?>" from GO-1 could be transferred
into the matrix after adding hardener and then released by an abrasion process. The released
Pb*" detected from control B was 9.04 + 0.69% of the total amount of lead ions added to the
epoxy, which was the maximum possible fraction of lead ions leached out from the epoxy ma-
trix and the minimum was 0%. This range contributed to the final uncertainty of the GRM

release fraction.

Fig. 3.3d displays the amounts of free-standing and protruding GRMs (exposed fraction of
GRMs) calculated as the ratio of the free-standing or protruding GRMs divided by the total
amount of GRMs embedded in the composite. The fraction of 51% to 92% of the added GRMs
in the composites was present as free-standing and protruding GRMs. High exposed fractions
were measured for GNP-1 and GO-1 with 86.2 + 10.8% and 92.0 + 15.5%, respectively. The
fraction of exposed GNP-2 was 51.7 + 16.3%, lower than the other two GRMs.
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3.3.4 Assessing the Cellular Effects of GRMs and Abraded Particles

To understand acute effects of GRMs and abraded particles on lung macrophages in vitro, we
assessed four endpoints from the oxidative stress paradigm including formation of ROS, deple-
tion of GSH, induction of (pro-) inflammatory responses, and additionally alterations in cell
morphology and cell viability/cytotoxicity. Due to the high hydrophobicity of GNP-1 and GNP-
2, a biocompatible detergent Pluronic F127 [43] was used to disperse these materials prior to
exposure to the cells. Other pristine GRMs and all of the abraded particles were dispersed in
endotoxin-free water. Special attention was given to potential interferences of pristine GRMs
with the different biological assays by the inclusion of appropriate controls to test for catalytic
activity, quenching or intrinsic absorption. Interference was observed only for GO-2 in the DCF
assay at concentrations above 10 pug/mL (Fig. B12b). Moreover, all pristine GRM particles
quenched the fluorescent signal in immunocytochemical stainings (Fig. B13). Toxic effects
from particles released from the abrasion wheel on differentiated THP-1 cells was not expected
as confirmed by measurement of the marker element of the wheel and in a previous study using

a similar experimental setup [42].
Impact on Oxidative Stress

Changes in ROS and antioxidant glutathione are indicators of oxidative stress, which is fre-
quently observed as a response to nanoparticle exposure caused by an imbalance of the gener-
ation of intracellular ROS and a limited antioxidant capacity of cells [52—54]. GSH is an anti-
oxidant peptide that balances the production and destruction of ROS. At high ROS levels, cells
initiate a protective response to promote their survival by activating transcription factors and
increasing the antioxidant defense (GSH). At high levels of ROS, the protective response is
overtaken by inflammation leading to cytotoxicity. Pristine GRMs induced a dose-dependent
accumulation in ROS formation after 2 h of exposure in differentiated THP-1 cells (Fig. 3.4a)
which was significant for GO-1 at the highest concentration of 40 pg/mL. Only GO-2 showed
an initial increase in ROS formation followed by a strong decrease at higher concentrations,
which was due to quenching of the fluorescent signal (Fig. B12). No significant formation of
ROS was observed for all abraded particles (Fig. 3.4b). GSH levels were slightly decreased for
all GRMs, however, a significant dose-dependent reduction of GSH was observed only after
exposure to GNP-2 for 24 h (Fig. 3.4c). No significant reduction in glutathione levels was de-
tected after 24 h and 48 h of exposure to abraded particles (Fig. 3.4d).
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Figure 3.4 Oxidative stress measured by DCF and GSH assay. ROS accumulation was assessed
after 2 h of exposure to (a) pristine GRMs or (b) abraded particles. 50 uM Sin-1, a morpholino
compound, was used as a positive control. Antioxidant glutathione levels of THP-1 cells were
measured after 24 h and 48 h of exposure to (c) GRMs and (d) abraded particles. 300 uM BSO
was used as the positive control. The results show the mean + StEM from at least three inde-
pendent experiments. The * symbol represents p< 0.05 as compared to the negative control

(untreated cells).
Impact on (Pro-) Inflammatory Responses

(Pro-) inflammatory cytokines and chemokines, which are endogenous mediators of the im-
mune system, are a group of cytokines or chemokines that are produced in response to inflam-
matory stimuli to control the inflammatory response. To investigate the cytokine production,
we determined the release of four crucial (pro-) inflammatory cytokines i.e. TNF-a, IL-1f, IL-
6 and IL-8 in the supernatant. Pristine GRMs did not trigger a significant release of IL6 and
TNF-a, but there was a slight trend for a dose-dependent increase of cytokine levels for GNP-
1 and GNP-2 (Fig. 3.5). GNP-2 caused a significant increase in IL-1p and IL8, but only at the
two highest concentrations (20 pg/mL and 40 pg/mL). Abraded particles from neat epoxy and
epoxy/GRM composites did not significantly elevate the level of TNF-a, IL-18, IL-6, and IL-8
in differentiated THP-1 cells after treatment of 6 h and 24 h for TNF-a and treatment of 24 h
and 48 h for the other cytokines (Fig. 3.5).
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Figure 3.5 (Pro-) inflammatory response of THP-1 macrophages after treatment with GRMs

(+) e

and abraded particles from neat epoxy and epoxy/GRM composites. Concentrations of IL-1,
IL-6 and IL-8 were measured after 24 h and 48 h of exposure while TNF-a release was meas-
ured after 6 h and 24 h of exposure. 1 pg/mL LPS was used as the positive control. Results are
shown as mean + StEM from at least three independent experiments. The * symbol represents

p<0.05 as compared to negative control (untreated cells).
Impact on Cell Viability and Cell Morphology

Cell viability and cytotoxicity were determined using the MTS assay that measures mitochon-
drial activity of cells and the LDH assay, which determines the levels of released LDH follow-
ing cell membrane rupture. The pristine GRMs did not reduce mitochondrial activity upon ex-
posure to 40 pg/mL for up to 48 h with the exception of GNP-2, which induced a time- and
concentration-dependent decrease in cell viability of differentiated THP-1 cells (Fig. 3.6a) and

a subsequent but transient increase in cytotoxicity (Fig. B14). Treatment of THP-1 macrophages
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with abraded particles from neat or GRM-reinforced epoxy composites did not induce any de-

crease in mitochondrial activity (Fig. 3.6b) or increase in the amounts of released LDH (Fig.
B14) after 24 h and 48 h of exposure.

No major alterations of cell morphology, i.e. cell nuclei and F-actin cytoskeleton were observed

48 h post-exposure to pristine GRMs or abraded particles (Fig. B13). Some pristine GRMs

quenched the fluorescent signal at 488 nm, in particular for GO-1 and GO-2. The deposition of

particles on the cells was confirmed from phase contrast images (Fig. B13).
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Figure 3.6 Cell viability measured by MTS assay. MTS was performed to evaluate the cell
viability of THP-1 macrophages after treatment for 24 h and 48 h with (a) pristine GRMs or (b)
abraded particles. 1000 uM CdSO4 was used as a positive control. The results show mean +

StEM from at least three-independent experiments. The * symbol represents P <0.05 as com-

pared to negative controls (untreated cells).
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3.4 Discussion

In this study, we focused on the human health risks of GRMs concerning both occupational
exposure to pristine GRMs during manufacturing process and consumer exposure to the GRM-
containing products. Therefore, we investigated the particles released from GRMs-reinforced
epoxy composites by an abrasion process. Moreover, the cytotoxicity of pristine GRMs and the
abraded particles were assessed.

3.4.1 Particle Size Distributions

Addition of 1 wt % GO and 1 wt % rGO, enough to improve the material properties of epoxy,
induced considerable changes in the particle size distributions of abraded particles in the mi-
crometer size range as compared to particles released from neat epoxy or epoxy/GNP compo-
sites. These changes included the presence of an additional mode at 0.6 um and an increase in
the fraction of the particles with aerodynamic diameter around 1 pm. This might be related to
the improvement in dispersion of GO in epoxy matrix as compared to the dispersion of GNP in
epoxy matrix because of an increase in interfacial adhesion between GO and epoxy due to the
presence of carboxylic groups on the GO surface. The better dispersion could result in an en-
hancement of mechanical properties 1.e. tensile strength and toughness of the composites [55].
As reported by Chandrasekaran et al, epoxy/thermally reduced GO composite demonstrated
higher fracture toughness than epoxy composite filled with GNP [56]. The increase of tough-
ness could make the composites more difficult to crack [57], leading to delamination of smaller
particles. Since the addition of GO and rGO provoked the release of smaller particles as com-
pared to the addition of GNP, this indicated that the released particles can be tuned or controlled
via the properties of GRMs. Nevertheless, this will need further investigations and is not the
aim of this study.

The PSDs of the abraded particles from all investigated epoxy/GRM composites were in the
same range (between 70 nm and 3 um) as the previously reported PSDs for the epoxy system
[42]. Especially, the value of the first mode of abraded particles from neat epoxy (0.333 +
0.0073 pum) was comparable to the value reported for neat epoxy by Schlagenhauf and co-
workers (0.326 = 0.040 um) [42]. However, in contrast to our study where we did not observe
anoticeable shift of the first mode by adding 1 wt% GRMs, they found that addition of 0.1 wt%
and 1 wt% of CNT shifted the first mode of the abraded particles from 326 nm to 392 nm and
415 nm, respectively. CNTs were found to form interconnected structures in the epoxy compo-
sites [58], while GRMs could not form such interlinked structures due to their innate 2D mor-
phology. Consequently, the size of abraded particles from composites containing an intercon-
nected particle network might be increased because such structures could reinforce the epoxy
matrix. Total concentrations of the abraded particles measured by SMPS in our study were
around 5-fold higher than those in Schlagenhauf et al., while the total concentrations measured

by APS from both studies were comparable. This suggested that the experimental condition
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used in this study could generate higher fraction of smaller particles as compared to Schlagen-
hauf et al. [42]. The divergence in the PSDs of abraded particles might be due to the use of
different abrasive materials (alumina and silica- versus alumina-containing abrasive material)

or different abrasion conditions (applied load of 0.5 kg versus 1 kg).

3.4.2 Detection and Quantification of Free-Standing and Protruding GRMs

Pb** Adsorption and Release Capacity by GRM

Adsorption sites of metal ions include oxygen-containing functional groups and delocalized ©
electron systems between carbon atoms or sp” carbon of graphene sheets [59]. High Pb*" uptake
capacity of GO can be ascribed to the presence of oxygen-containing functional groups on the
surface of GO, which can be confirmed by Raman intensity ratio I(D)/I(G). The intensities of
D and G peaks are an indication of sp> carbon and sp? carbon, respectively [60]. As sp? carbons
are the main component of graphene sheets, the existence of sp> carbon associates with oxy-
genated functional groups. These oxygenated groups facilitate the adsorption of metals on the
GO surface via three mechanisms, namely electrostatic attraction, ion exchange and surface
complexation [61,62]. In our study, the I(D)/I(G) ratio of GO-1 was higher than those of GNP-
2 and GNP-1. Therefore, the high release capacity observed for GO can be attributed to its high
I(D)/I(G) ratio that correlated to the high amount of oxygenated functional groups. The surface
of GNPs contained much lower amounts of oxygen and thus GNPs had a lower capacity for
lead ions than GOs. Other studies reported a similar trend for rGO, whose surface consists
mainly of non-oxygenated carbons. For example, Li and coworkers found a decrease in the

maximum adsorption capacity of rGO (47 mg/g) as compared to GO (299 mg/g) [63].
Detection of Exposed GRMs by Lead Ion Release

The potency of lead labelling method was evaluated using two control samples (control A and
B), which could identify the undesired leaching of lead ions from GRMs. The amounts of lead
ions leaching from GRMs into epoxy matrix (control A) was below the detection limit. Control
B was carried out in the worst-case scenario when all of the lead ions would detach from GRMs
after adding hardener to understand how much of the lead ions can be leached out of epoxy
after abrasion process. We found substantially higher amounts of lead ions released from Con-
trol B (9.04 £ 0.69% as compared to the previous study for epoxy/CNT composites (0.1%) [39].
The difference might originate from the use of 1 kg additional weight for abrasion in our study
as compared to 0.5 kg employed by another study [39]. Higher applied weight could result in
smaller abraded particles as shown by the higher total concentrations measured by SMPS in our
study as compared to another study [42]. Smaller particles, due to their larger surface area,
could lead to more leached lead ions. Even in this worst-case scenario, the detached and leached
ion fraction (9%) was still substantially lower than the released ion fractions measured from the

abraded particles (51% - 92%), which demonstrated that majority of the released ions were
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from the exposed GRMs. In addition, we took the detached and leached ion fraction into con-

sideration in assessment of the uncertainty.

We measured the fraction of the GRMs that was presented as free-standing and protruding form
in relative to the amount of added GRMs. The results showed a substantially high fraction of
protruding and free-standing GRMs in the abraded particles, which was 86.2 + 10.8%, 51.7 +
16.3% and 92.0 + 15.5% for GNP-1, GNP-2 and GO-2, respectively. High exposed fraction of
GRMs from abraded particles of epoxy/GRMs composite could be explained by the failure
mechanism of the composite, which led to release of GRMs embedded in the epoxy matrix. The
failure mechanism of GRM-reinforced epoxy nanocomposites was investigated in previous
studies [64—66]. Interfacial debonding between GRM and epoxy molecule or adhesive failure
could occur due to weak interaction between GRM and epoxy resin. The cohesive failure inside

graphene sheets such as the breakage of graphene layer could simultaneously occur as evi-

denced in the previous study [64].

mj

Figure 3.7 SEM images of crack surface of freeze-fractured samples of (a) neat epoxy resin
and (b), (c) epoxy/GNP-2 composite. Solid arrows in (¢) indicate pulled-out GNPs. Some parts
of the pulled-out GNPs, seen as brighter areas when tilted upward from the fractured surface,
detached from the epoxy matrix. Dashed arrows in (c) indicate broken GNPs. Broken GNPs
were still attached to the epoxy matrix and could be identified from cleavages and voids on the

fractured surface.

The failure mechanism of epoxy/GNP composites could be identified from SEM images of
fractured surface of the composite [64]. Fig. 3.7 shows SEM images of freeze-fractured surface
of neat epoxy resin and epoxy/GNP-2 composite. Fracture morphology of neat epoxy (Fig.
3.7a) shows smooth and mirror-like surface with parallel ridges along the direction of crack
propagation. In the presence of GNP-2, the fracture surfaced (Fig. 3.7b and c) is rougher in
comparison to neat epoxy resin and shows bulges and fracture structure. This was due to the
fact that the mechanical reinforcement effect of GNP-2 could hinder and alter the path of crack
propagation [64]. When the crack approached the GNP layer, it could propagate along the in-

terface between GNP and epoxy resin matrix. Since GNPs in our study were not functionalized,
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they bound to epoxy resin by Van der Waals force and not by covalent bond. Therefore, inter-
facial debonding could occur between epoxy matrix and GNP, which could be described by
pulled-out GNPs marked by solid arrows in Fig. 3.7c. Since the pulled-out GNPs were partially
or entirely detached from the epoxy matrix, they could be identified from the brighter areas
implying that the pulled-out GNPs tilted upward from the surface. In abraded particles, the
pulled-out GNP from epoxy matrix could be demonstrated by TEM images in Fig. 3.8.

GRM agglomerates could also act as stress concentrator leading to cohesive failure inside the
graphene layer since the increasing number of graphene layers could reduce the efficiency of
stress transfer between graphene layers [67]. In Fig. 3.7c, ruptured GNPs, which could be iden-
tified from cleavages and voids on the fractured surface, were indicated by dashed arrows.
Therefore, interfacial debonding between GRM and epoxy matrix as well as the cohesive failure
inside graphene sheets can explain the high fraction of freely accessible fraction of GRM in the
abraded particles.

Figure 3.8 (a) TEM image of abraded particles from epoxy/GNP-2 composite showing the
protruding GNP-2 (pulled-out GNP-2) from epoxy resin marked with dashed line and (b) lay-
ered structure of GNP-2 at higher magnification.

The high released fraction of GRMs is in strong contrast to a previous study [39] on the release
of CNTs from epoxy composites, which found only a minor amount of exposed CNTs from
abraded particles of 0.4%. This might be explained by the fact that GRMs and CNTs are ex-
tremely different in terms of morphology and size. GRMs are two-dimensional material and
their agglomerates are still platelet structure, while CNT is one-dimensional material, but CNT
agglomerates can be formed by CNTs entwining together. CNTs in Schlagenhauf et al. [39,42]
had an outer diameter about 13 nm and a length of 1-10 pm. In epoxy matrix, some CNTs can
be coiled into compact structure in the range of 200-300 nm, while some CNTs can be chopped
during three-roll milling process resulting in an average tube length of 0.7 + 0.2 pum [68]. GRMs
have lateral size in the range of tens to hundreds of um. The sizes (projected area equivalent
diameter) of pristine GNP-2 from SEM images (Fig. B7) ranged from 10 pm to 150 pm. Optical
microscopic images (Fig. B8a-c) showed that after high speed mixing, particles smaller than 10
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um were observed and particles larger than 100 um were still detected. This implied that ag-
glomerates of GNP-2 could be disintegrated by shear force caused by the high speed mixer.
After three-roll milling, the sizes of GNP-2 particles were substantially reduced (Fig. B8d-f)
and all particles observed were smaller than 16.5 um. Similar results after three-roll milling
from optical microscopic images were also observed for GNP-1 (Fig. B9) and GO-1 (Fig. B10)
as their particle sizes were smaller than 8.5 pm and 11.5 um, respectively. Detailed analysis of
GRMs' sizes during processing was described in the Appendix B. Sizes of the abraded particles
ranged from a few hundred nanometer to several micrometer, which could be bigger than the
size range of CNT, but smaller than that of pristine GRMs. In other words, GRMs were less
likely to be entirely covered in epoxy matrix in comparison to CNTs, which was in agreement
with TEM results in Fig. 3.8.

GNP-2 had the least amounts of exposed fraction and the largest lateral dimension. GNP-1 and
GO had smaller lateral dimension and higher exposed fraction. If we consider a single particle
of GRMs, a smaller particle has less accessible surface and thus weaker interaction between the
surface of GRMs and epoxy molecules. Therefore, smaller GRMs could be more easily pulled
out from the composites when the abrasive force is applied on the composite's surface. How-
ever, further studies are needed to confirm this hypothesis. Nonetheless, this lead-labelling ap-
proach provides the necessary quantitative values that are of extreme importance to properly
assess the cytotoxicity of the released particles.

3.4.3 Cell Effects

Several studies propose oxidative stress as a key mechanism for cytotoxicity of nanomaterials
[44,69] including GRMs [70,71] leading to cell damage and eventually cell death [72,73].
Therefore, we assessed different relevant endpoints of the oxidative stress paradigm including
ROS formation, GSH depletion, (pro-) inflammatory cytokines as well as cell viability/cell
death in differentiated THP-1 human macrophages. We focused this study on macrophages,
since they are phagocytic cells that are an important part of the host defense and play a key role
in cellular responses to particles that deposit in the lungs [22,71,74]. Alveolar macrophages are
present in the surface-lining layer of the alveoli and in the interstitial space of the lung paren-
chyma. They respond to and internalize foreign substances and particles and are a major source
of cytokine/chemokine production, underlining their importance for acute inhalation toxicity
assessment in vitro [54,75]. Another important consideration is the use of realistic concentra-
tions. Occupational exposure to GRMs can only be estimated from the existing limits of CNT
exposures, where a full working lifetime exposure would results in a alveolar mass retention of
10-50 pg/cm? and an acute respiratory exposure (24 h) would be in the range of 1ug/cm?[70].
The doses from 5-40 pg/mL used in this study corresponds to 1.3-25 ng/cm? in the different
plate formats and therefore covers realistic doses at 5 pg/mL and slightly overdose levels at 40
pg/mL.
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All GRMs induced ROS after 2h of cell exposure, but we only found a slight decrease in GSH,
which indicates some oxidative stress. For GNP-2 the strong drop in GSH level does not nec-
essarily occur due to the induction of oxidative stress by the particles but could be partly a
secondary response following the induction of cell death. The slight increase of GSH levels
from 24 h to 48 h exposure might indicate that the cells partially adapted with the oxidative
stress response by activation of antioxidative responses and enzyme scavenging systems. Ac-
cording to the oxidative stress paradigm, prolonged oxidative stress to cells may result in the
activation of inflammatory responses [44]. Studies with different types of immune cells (Jurkat,
THP-1, PBMC and RAW 264.7) [21,71,74] showed an induction of cytokine release as a con-
sequence of GRM exposure. Additionally, Schinwald and colleagues confirmed that cytokine
release was stimulated by phagocytosis of GRM [21]. However, we did not detect a significant
(pro-) inflammatory response although we observed that the cells were in close contact with
particles. Only GNP-2 slightly induced the expression of the different (pro-) inflammatory cy-
tokines at the two highest concentrations (20 and 40 pg/mL). As the ultimate and most delete-
rious outcome of the oxidative stress paradigm, we analyzed if GRM exposure did reduce cell
viability and result in cell death. GNP-2 induced a time- and concentration-dependent decrease
in the mitochondrial activity of differentiated THP-1 macrophages as measured by MTS assay,
while membrane rupture as an indicator of cell death followed a dose-but not time-dependent
response. This could suggest a more sustained impact of GNP-2 on mitochondrial enzyme ac-
tivity that did however not lead to cell death. The decrease in cytotoxicity from the 24 h to 48
h time point may be explained by a partial adaptation of the cells to GNP-2 induced oxidative
damage. For the other pristine GRMs, we did not observe any significant acute adverse effects
on cell viability or cytotoxicity up to 48 h of exposure. Nevertheless, further studies should
address if prolonged exposure to relatively biopersistent GRMs [22] may induce a more pro-
nounced oxidative stress response with oxidative damage to proteins and DNA in the cells and
long-term adverse effects. Furthermore, addition of radical scavengers such as N-acetylcystein
could help to further corroborate the role of ROS in GNP-2 induced cell death since some of

the observed effects may also be secondary due to cell death.

It is well known that there is a strong correlation between the biological activity of nanoparticles
and their physicochemical properties [54]. This is also the case for many carbon-based materi-
als, where a complex interaction of several characteristics is defining their toxicity [76]. By
choosing five GRMs, we intended to cover a large part of GRM characteristics and to relate
their properties to their biological activity. In general the biological activity of particles in-
creases as the particle size decreases [54]. Similar results have been reported for GO, showing
a more significant impact on immune cells of smaller GO flakes in comparison to bigger GO
flakes [74]. Additionally, it was shown that GRMs with smaller lateral size and increased func-
tional group densities showed a larger impact on epithelial cells [27]. For GNPs, we found a
positive correlation between lateral size of the particles and their toxicity while no such effect

was apparent for the different GO materials, probably due to the relatively small difference in
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their lateral dimensions. Another study from Mendes and co-workers [22] further showed size
affected uptake of GO by macrophages with a preferential internalization of larger GO flakes
and clusters. However, we could not verify preferential uptake of larger particles since it is

technically challenging to quantify internalization of label-free GRMs.

Studies focusing on composites found that the abraded particles from polymer/CNT composites
did not cause acute toxic effects [39,77,78], which is comparable to our findings. Wohlleben
and colleagues, who investigated in vitro toxicity of abraded particles from polyurethane/3%
CNT composites on lung tissue, also found no significant increase in toxicity from the addition
of CNT to polymer matrix [77]. Similarly, abraded particles from epoxy/1% CNT composites
did not show any acute cytotoxic effects i.e. increase in ROS formation, DNA damage, increase
in TNF-a and IL-8, and decrease in mitochondrial activity, on A549 human alveolar epithelial
cells or THP-1 differentiated macrophages [39]. They reported only a very low release of free-
standing or protruding CNTs (0.4%) and that CNTs were mostly embedded in the polymer
matrix, which could explain the absence of cytotoxic effects. However, in our study, we found
substantial high fractions of exposed (free standing or protruding) GRMs in the abraded parti-
cles (86%, 92% and 52% for GNP-1, GO-1 and GNP-2, respectively). While 20 pg/mL GNP-
2 were cytotoxic to THP-1 macrophages, even 40 pg/mL of abraded particles from epoxy/GNP-

2 composites did not affect any of the investigated endpoints.

Previous studies showed that the neat epoxy or other polymer matrix materials did not induce
(pro-) inflammatory responses [38,39,78]. Similarly, this study also confirmed that the abraded
particles from neat epoxy do not elicit any inflammatory responses. Therefore, the potential
inflammation could only be expected due to the protruding or released GRMs or due to the
formation of new materials from the mixing of GRM with epoxy and from the fabrication pro-
cess of the composite. For the former case, where the toxicity was caused by the released GRMs
and assuming no transformation of the GRMs from the processing, we did not expect significant
(pro-) inflammatory responses since we did not find any (pro-) inflammatory response for pris-
tine GRMs with the exception of a low response from high concentration of GNP-2 exposures,
which was confirmed in our experiments. Moreover, only 1 wt % GRM is added to the epoxy
composite and thus, even with a release of 100% of GRMs, the cells would be mostly exposed
to epoxy materials. For example, 20 pg/ml exposure to abraded particles would correspond to
0.15 pg/ml exposure to pristine GRMs. For the latter case, where the transformation of the
materials could occur during the processing, we showed that the abraded particles did not in-
duce cytokine expression. This indicated that the transformation of the materials did not result

in the formation of new particles with immunotoxic properties.

3.5 Conclusions

The release of the particles from the GRM-reinforced epoxy composites is dependent on the
GRM type as evidenced by our findings showing that the addition of GO and rGO induced the
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release of a new mode at around 0.6 um of the abraded materials as compared to innate epoxy
or epoxy/GNP composites. This reveals the potential to tune the release of the particles. In order
to evaluate potential health risks of particles released from GRM-reinforced epoxy composites
and pristine GRMs, we assessed the acute toxicity of physicochemically distinct GRMs and
epoxy/GRM composites on human macrophages. A significant fraction of the embedded GRMs
was released in the free-standing and protruding form in the abraded particles. Pristine GRMs
induced some oxidative stress responses and in case of GNP-2 even cell death. However, the
abraded particles from epoxy/GRM composites did not reveal any adverse cell responses in
human THP-1 macrophages, which was probably due to the low percentage of GRMs used in
the composites and limited intrinsic in vitro toxicity of the GRMs. Therefore, GRMs with
proper size and chemical properties in the appropriate concentration range may be good options

as nanofillers with limited human health impact.
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We measured the cytotoxicity of the pristine GRMs and abraded particles from epoxy/GRM
composites, which indicated low risks to consumers of such composites.
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Figure B1 Schematic representation of experimental setup for particle size distribution meas-
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Figure B2 Size distribution of aerosolized PSL particles sampled in presence or absence of a
rectangular probe. (a) Samples of aerosolized 105 nm PSL particles measured by SMPS from
three independent measurements. (b) Samples of 1 um and 2 um PSL particles analyzed by
APS from five independent measurements. Data represent mean +/- SD.
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Characterization of Pristine GRMs and Abraded Particles

Pristine GRMs Abraded particles from epoxy/GRM composites

Figure B3 SEM of pristine GRMs and abraded particles from epoxy/GRM composites. Images
of pristine and abraded particles from samples of (a,b) GNP-1; (c,d) GNP-2, (e,f) GO-1 and
(g,h) rGO.
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From SEM images (Fig. B3), in abraded particles from epoxy/GRM composites, GRMs cannot
be distinguished from epoxy matrix. Therefore, it is not possible to observe the structural trans-
formation of GRMs from SEM images. We performed Raman spectroscopy, which can be ones
of the methods used to explain structural transformation of the GRMs in the composites. As
shown in Fig. 3.3b, by comparing the Raman spectrum of the pristine GNP-2 to that of the
GNP-2 in the abraded composite, the I(D)/I(G) ratio appeared to have different intensity (spec-
tra B and C). This suggested that GNP might be transformed during the fabrication or abrasion
process resulting in defected structure. In addition, the effect of manufacturing process on the
sizes of GRMs were studied by analysis of optical microscopic images of GRMs in epoxy ma-
trix, which is demonstrated below.
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Figure B4 Characterization of pristine GRMs. (a) Raman spectra (b) FTIR spectra and (c)
XRD patterns of pristine GRMs.
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Figure BS SEM-EDX analysis of abraded particles from neat epoxy. (a) Representative SEM
image of abraded particles from neat epoxy. Aluminum appears as white spots, which were
marked in blue boxes.(b) EDX spectrum from point analysis of the white spot marked by a
rectangle in (a).
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Figure B6 Spots of Raman spectroscopy analysis of (a) flat surface and (c) cross-sectional
surface of E/GNP-2 composites and the corresponding spectra on (b) flat surface and (d) cross-
sectional surface. (e) Optical image of the abraded particles from E/GNP-2 with Raman map-
ping area marked by red square and four points (A-D) where the individual spectrum was shown
in Fig. 3.3.

Effect of Manufacturing Process on Sizes of GRMs

We analyzed the transformation of GRM size using images from SEM and optical microscopy.
Image] software was employed to detect the particles and obtain the projected area of the de-
tected particles. SEM images of pristine GNP-2 (Fig. B7) were analyzed by manually drawing
the particle edge and the projected area of the identified particles were calculated using Imagel.

Optical microscopic images of GRMs in epoxy matrix were analyzed using ImagelJ to detect
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GRM particles and then to calculate the corresponding particles' projected area. Since the ob-
served GRM particles have irregular shape, particle size can be referred to projected area equiv-
alent diameter, which is the diameter of a spherical particle having the same projected area as

the considered particle.

Since the processing of epoxy/GRM nanocomposites involved high speed mixing, three-roll
milling, addition of hardener and curing, we showed the GRM sizes in the epoxy matrix after
two important steps before curing i.e. high speed mixing and addition of hardener after three-
roll milling. Optical images of GNP-2 particles in epoxy matrix after high speed mixing and
after three-roll milling were displayed in Fig. B8a-c and Fig. B8d-f, respectively. Fig. B9 and
Fig. B10 show GNP-1 and GO-1 in epoxy matrix after three-roll milling, respectively.

Histograms of the particle sizes of GNP-2 after each step, and GNP-1 and GO-1 after three-roll

milling were summarized in Fig. B11. At least three images were analyzed to plot a histogram.

Figure B7 SEM images of pristine GNP-2. Number labelling indicates the particles whose edge

could be identified and thus their corresponding projected area could be analyzed by Image].
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GNP 2 in epoxy resm after hlgh speed mixing
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Figure B8 Optical micrographs of GNP-2 in epoxy resin matrix (a)- (c) after high speed mixing
and (d) — (f) after high seed mixing, three-roll milling and adding hardener

GNP-1 in epoxy resin after h|gh speed mlxmg 3-roll milling and addlng hardener

Figure B9 Optical micrographs of GNP-1 in epoxy resin matrix after high speed mixing fol-
lowed by three-roll milling and adding hardener

GO-1in epoxy resin after high speed mrxrng, 3- roII mrllrng and addlng hardener
: o)
- =

£SO

Figure B10 Optical micrographs of GO-1 in epoxy resin matrix after high speed mixing fol-
lowed by three-roll milling and adding hardener



Chapter 3 |96

25 5000

4500 fy
1600
] Pristine GNP-2 s 50 GNP-2 after HSM N S5 GNP-2 after 3RM + adding hardener
B N 400 Q@ 00\
N N N
15 W 600
£ ) = N £
< g B
& N ? g 1w 3 \
10 __ N : 400 15 5
SR SRR 3 N
5 N N % NN 0N Bl
o RSN RS AR E - [ N RS . 0 A e ! . ,
20 40 B0 80 100 120 140 160 20 40 60 a0 100 120 140 160 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Equivalent diameter (um) Equivalent diameter (pm) Equivalent diameter (um)

—
(=3
—
—
D
—

1800

1500 Processing epoxy/GRM nanocomposite
=g ER] GNP-1 after 3RM + adding hardener 1400 § S GO-1 after 3RM + adding hardener
8 R
80001 zgg Mixing GRM and epoxy resin
b 1100 using high speed mixer (HSM)
1000 L
- = 9004
5 4000 3 BOON Disperse GRM in epoxy resin
© © 700 R using three-roll mill (3RM}
2 600
Y 500 Y
200015 4004 Ny Adding hardener
3 30040
O aof) K\ vlv
N 100 SN e .
. N o DN N, Curing a1 80 °C/12 h and 120 °C/4 h
12 3 4 5 B 7 8 9 10 11 12 13 14 15 16 17 1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17
Equivalent diameter (um) Equivalent diameter (um)

Figure B11 Histograms of GRM size before and during processing of epoxy/GRM nanocom-
posite. Histogram of (a) pristine GNP-2, (b) GNP-2 in epoxy resin matrix after high speed mix-
ing (HSM), and (c) after three-roll milling (3RM) and adding hardener. Histogram of (d) GNP-
1 and (e) GO-1 after three-roll milling and adding hardener.
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Exclusion of Interferences of GRMs and Abraded Neat Epoxy Particles in the MTS and DCF
Assays

MTS interference was performed regarding the ability of GRMs to reduce MTS without cellular
contribution. The treatment of interference control samples and the assay procedure were iden-
tical to the protocol described in materials and methods. GRMs and neat epoxy show a certain
intrinsic absorbance, which was corrected by subtracting the background, but are not reactive,
i.e. do not process MTS (Fig. B12a) when comparing the absorbance to an untreated control (-
) including cells. To determine the influence of GRMs and neat epoxy quenching an existing
fluorescent signal, particles were incubated with the fluorescent dye DCF as described in the
material and methods. Fig. B12b shows the relative fluorescence in percentage to the control
samples with no GRMs as 100%, whereas GRM containing samples show the impact on the
intensity of the fluorescence.

(a)

2.0
1.5
1.0

0.5

U.U'-'l'—'l'—*-'-—l—l—l—l—l—'l'—'l'—'l'—'l'—* |ITIIT”TIITIITI

T T 17T 17T 1T "1 "71T"71
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Absorbance 490nm

GO-1 GNP-1 GNP-2 GO-2 rco neat epoxy

% Quenching efficiency

IR N

K O 60D P05 0®P®

Vv

GO-1 GNP-1 GNP-2 GO-2 rGO neat epoxy

Figure B12 Interference assessment of the pristine GRMs and neat epoxy with the MTS and
DCF assay. (a)Pristine GRMs and abraded neat epoxy particles did not interfere with the MTS
measurements. (-) is a representative absorbance value of an untreated control measurement
with THP-1 cells. Data represent a single experiment (b) Abraded neat epoxy particles did not
quench, but GRMs quench an existing DCF signal. % Quenching efficiency displays relative
fluorescent values (to untreated control). Mean values and corresponding standard deviations
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from three independent experiments are shown for pristine GRMs while one only one experi-

ment was performed for abraded neat epoxy particles.

e

neg.control

Figure B13 Light microscopy and confocal microscopy images of THP-1 macrophages ex-
posed to 40pg/mL GRM for 48h, Actin cytoskeleton (green), Nuclei (red) and GRMs (black),

scale bar =10 um
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Figure B14 LDH release from THP-1 macrophages after exposure to GRMs and E/GRMs for
24 h and 48 h. Data shown represent the mean + StEM of at least three independent experiments.
The * symbol represents p<0.05 as compared to negative control (untreated cells). Incubation

of cells for 1h to 0.2% Triton-X served as positive control (+)



Table B1 Hydrodynamic size of pristine GRMs
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Zave diameter (nm)/ PdI

GRMs
GNP-1 GNP-2 GO-1 GO-2 GO
Dispersant
765+17.1/ | 255+1.68/ | 243+8.13/
Water NA NA
042+003 | 018+0.01 | 045+0.07
Complete RPMI-1640 me- 940 +£87.7/ | 275+16.1/ | 95.4+24.0/
i NA NA
fum 0.55+£0.04 | 024+0.04 | 0.62+0.14

NA: When polydisperse index (Pdl) is larger than 0.7, the data is not valid and the results are

marked as NA (Not Applicable). The DLS measurement is not suitable for these particles be-

cause GNP-1 and GNP-2are polydisperse and tend to agglomerate.

Table B2 Hydrodynamic size of abraded particles from epoxy/GRM composites

Zave diameter (nm)/ PdI

Abraded particles
Neat epoxy Epoxy/GNP-1 Epoxy/GNP-2 Epoxy/GO-1 Epoxy/GO-2 Epoxy/rGO
Dispersant
1230 + 260/ 1822 + 139/
Water NA NA NA NA
0.696 = 0.180 0.559+0.122
Complete RPMI-1640 me-
di NA NA NA NA NA NA
ium

NA: When polydisperse index (PdI) is larger than 0.7, the data is not valid and the results are

marked as NA (Not Applicable). The DLS measurement is not suitable for most of these parti-

cles because they are polydisperse and tend to agglomerate.
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Table B3 Summary of the analyzed parameters from the fitted particle size distributions

Sample Parameter Mode 1 Mode 2 Mode 3 Mode 4
Neat epoxy deord,® 0.333 +£0.0073 1.087 + 0.0826 2.271 +£0.0565 -
CMD 0.461 +£0.011 1.274 £0.1220 2.516 +0.0548 -
Gy 1.76 £0.01 1.48 £0.04 1.38+£0.01 -
F 0.26 +0.01 0.74+0.01 -
E/GNP-1 deord,® 0.302+0.0123 1.148 £ 0.0760 2.306 +0.0791 -
CMD 0.445+0.011 1.372+0.1248 2.605 +0.0710 -
Oy 1.86+0.03 1.52 +0.05 1.39+0.01 -
F 0.22+0.01 0.78 £0.01 -
E/GNP-2 deord,® 0.314+0.0102 1.075 +0.0834 2.300 £+ 0.0601 -
CMD 0.480 +0.0212 1.259+0.1323 2.574+0.0416 -
Oy 1.81+0.03 1.48 +£0.05 1.40 +£0.02 -
F 0.21+0.01 0.79£0.01 -
E/GO-1 deord,® 0.338 £0.0159 0.632 £ 0.0072 0.832 +0.0159 2.075 +£0.0249
CMD 0.465 +0.0176 0.637 + 0.0066 0.974 +0.0027 2.286 +0.0362
Gy 1.76 £ 0.02 1.09 £ 0.00 1.49 £0.04 1.36 £0.01
F 0.01+0.00 0.40 +0.03 0.59+0.03
E/GO-2 deord,® 0.327+0.0143 0.632 +0.0072 0.847 +0.0078 2.027 £0.0273
CMD 0.460 + 0.0257 0.636 + 0.0020 0.959 + 0.0013 2.303 +£0.0412
Oy 1.77+0.02 1.09 +0.00 1.42+0.01 1.43 +£0.01
F 0.01 +£0.00 0.28 £0.02 0.71£0.02
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E/rGO deord,® 0.341 £0.0036 0.582+£0.0014 0.891 £0.0164 1.902+0.0713
CMD 0.479 £0.0142 0.595 +£0.0048 1.008 + 0.0426 2.123 £0.0573
[ 1.79 £ 0.03 1.15+0.01 1.42 +0.05 1.39+0.02
F 0.02+£0.01 0.33+£0.04 0.65+0.03

Mode 1 was obtained from SMPS, whose particle size corresponded to electrical mobility de,

while mode 2 — 4 were obtained from APS, whose particle size corresponded to aerodynamic

diameter da.
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In Vitro

Woranan Netkueakul 3, Savvina Chortarea 3, Hao Li 2, Guangyu Qiu %, Milijana Jovic 4, Sabyasachi Gaan
4 Yvette Hannig 3, Tina Buerki-Thurnherr 3, Peter Wick 3*, Jing Wang !-2*

1 Institute of Environmental Engineering, ETH Zurich, 8093, Zurich, Switzerland

2 Laboratory for Advanced Analytical Technologies, Empa, Swiss Federal Laboratories for Materials Science and
Technology, 8600, Diibendorf, Switzerland

3 Particles-Biology Interactions Lab, Empa, Swiss Federal Laboratories for Materials Science and Technology,
9014, St. Gallen, Switzerland

4 Additives and Chemistry Group, Advanced Fibers, Empa, Swiss Federal Laboratories for Materials Science and
Technology, St. Gallen, 9014, Switzerland

* corresponding authors

Author contributions

W.N. fabricated epoxy composites and characterized the physicochemical properties of GNP
and emissions from the combustion. W.N., S.C., and J.W. designed the combustion exposure
experiment. W.N. and S.C. performed in vitro toxicity assessments and analyzed the toxicity
data. W.N and L.H. analyzed PAH data. L.H. proposed PAH formation mechanism. W.N. and
G.Q. performed Raman spectroscopy mapping and analyzed the Raman data. W.N., S.C., Y.H.,
and M.J. performed the combustion and exposure experiments. Y. H. maintained the cell cul-
ture. M.J. calibrated the cone calorimeter. S.G. supported with the cone calorimeter and fire
behavior analysis. S.C designed and supervised the in vitro experiments. T.B.T. and P.W. su-
pervised and supported with the in vitro toxicity assessment. P. W. and J.W. initiated the pro-
ject, conceived the study, and supervised the study. W.N. wrote the manuscript. All of the au-

thors have discussed the results and have given approval to the final version of the manuscript.
This work has been submitted to Environmental Science and Technology.
Abstract

Graphene nanoplatelet (GNP) as nanofiller improves the mechanical strength, electrical con-
ductivity, and flame retardancy of the polymers significantly. With an increasing number of
GNP-reinforced products, a careful safety assessment is needed to avoid any social and eco-
nomic drawbacks. However, there has not been any study addressing the effects of combustion-
generated emissions from GNP-reinforced products in the lung, the most sensitive exposure

route to airborne particles. Therefore, we have studied the influence of GNP as nanofiller on
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particle size, polycyclic aromatic hydrocarbon (PAH), and cytotoxicity of the emissions from
the combustion of pure epoxy (EP) and GNP-reinforced epoxy (EP-GNP). GNP was not de-
tected in the airborne emissions, but PAH concentration of the particles in airborne fraction was
increased for emissions from EP-GNP. A first hazard assessment was performed on human
alveolar epithelial cells exposed to airborne emissions at air-liquid interface conditions. Emis-
sions from EP had no acute effects at 24 h and 96 h on cell viability, cell morphology or ex-
pression of anti-oxidative stress markers (HMOXI and SOD2 genes), but induced the activation
of the aryl hydrocarbon receptor (CYP1A41 gene) and a transient (pro-) inflammatory response
(MCP-1 and GM-CSF). A similar response was observed after exposure to emissions from EP-

GNP except an acute transient decrease in mitochondrial activity.

Keywords: graphene nanoplatelet, nanofiller, polymer combustion, air-liquid interface, in vitro
hazard assessment, alveolar epithelium

Synopsis: Emissions from thermal decomposition of graphene nanoplatelet-reinforced epoxy
contain higher amounts of PAH, but do not cause additional acute cytotoxic response compared

to the pure epoxy, although further long-term safety investigation is needed.

4.1 Introduction

Graphene nanoplatelet (GNP) is a two-dimensional carbonaceous material consisting of a few
to several layers of graphene sheets [1]. GNP has been extensively studied and applied in com-
mercial products as nanofillers to improve the mechanical, electrical, and fire performance of
the polymers [2,3]. Due to the improved properties of the composites, an increasing demand of
graphene-related materials is predicted [4,5] and will raise the production volume of GNP and
GNP-based products [6]. Therefore, a careful assessment about the adverse health effects due

to an increasing use of GNP in commercial products are inevitable.

One of the scenarios that can occur at the end-of-life of the GNP-reinforced polymers is the
combustion process such as waste incineration, where the process is mostly a complete com-
bustion in the controllable manner, or an accidental fire, which is likely an incomplete combus-
tion that probably generates higher amount of soot. Generally, combustion is a complex process
and it is even more challenging to fully understand the combustion of nanomaterial-enabled
polymers. The combustion of epoxy (EP) produces a large amount of soot and toxic gases such
as CO and HCN [7]. During the combustion, epoxy resin can be degraded by chain scission
mechanism and further decomposed to some light combustible gases such as allyl alcohol, ac-
etone, and other hydrocarbons [8]. Rearrangement of the atoms and cyclization of the molecules
can occur, which can lead to the char formation. GNP acts as a flame retardant when used as
nanofiller in different kinds of polymer [2,9,10]. Addition of GNP slowed down the combustion

of epoxy composite due to the barrier effect, which is a migration of GNP to the surface of the
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polymer to form a protective layer [2]. GNP could be transformed by thermal oxidation at high
temperature during the combustion [11,12]. At a temperature over 850 °C, the defected and
basal plane of graphitic layer can be etched leading to hole formation in the layer [11]. Moreo-
ver, GNP may be dislocated from the matrix during the combustion process and exist as a part
of the char [13] and/or in an airborne fraction, which may pose an additional risk to humans

and the environment.

Biological effects of GNP have been reported in vitro and in vivo in different biological systems
[14—19] and are summarized in several reports [20-23]. Due to its distinct platelet-like struc-
ture, Schinwald and coworkers showed that GNP with thickness of 100 nm and diameter up to
25 um have an aerodynamic diameter in the respirable range (smaller than 4 pm) and could be
deposited beyond the ciliated airway, in the alveolar structures where macrophages are mainly
responsible for clearance process. GNP with a diameter larger than 15 um could not be entirely
phagocytosed by macrophages and thus provoked frustrated phagocytosis, increase in inflam-
matory cytokines (at 1 — 10 pg/cm?), and in a later state loss of cellular membrane integrity
(only at 5 and 10 pg/cm?). Our previous study showed that GNP with larger lateral dimension
(25 pm) at the delivered doses of 20 and 40 pg/mL induced the release of lactate dehydrogenase
due to membrane rupture in THP-1 macrophages, whereas the smaller GNP (5 um) did not [15].
On the other hand, Drasler et al. revealed that GNP with 1-2 um lateral dimension at 0.3 and 1
ng/cm? exposure doses did not cause cytotoxic effects, (pro-) inflammation and oxidative stress
towards a 3D alveolar lung cell model [19]. Apart from a variation of the biological models in
different studies, the physicochemical characteristics of GNP such as lateral dimensions, thick-
ness, surface area, and surface chemistry could also play a crucial role in the toxicity of GNP
[21,22], which may explain the inconsistency in the reported biological responses. Neverthe-
less, in the context of a combustion event, the toxicity of the pristine GNP may be of limited
relevance since the released GNP (if any) likely changed its properties during composite fabri-
cation and thermal decomposition. Moreover, the combination of epoxy and GNP could lead to

the formation of new emission particles or gases or induce synergistic effects.

Despite of the growing interest in applying GNP as nanofillers and the increasing number of
GNP-filled polymer products on the market, little is known about the effects of GNP on the
emissions from the combustion of GNP-containing nanocomposites and the potential hazard of
the released particles and gases. Like GNP, carbon nanotube (CNT) is also a carbonaceous
material consisting of rolled up graphene sheets. The presence of CNT in the polymer could
enhance the concentration of polycyclic aromatic hydrocarbon (PAH) adsorbed to the particles
emitted from the combustion of reinforced polyurethane (PU) and polycarbonate (PC) [24].
Watson-Wright ef al. showed that the particulate emissions from PU-CNT (delivered doses of
0.06, 0.6 and 6 pg/cm?) caused an increase in reactive oxygen species (ROS) formation and a
decrease in mitochondrial membrane potential compared to the emissions from PU in primary
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small airway epithelial cells. The emissions from the combustion of the pure polymers (poly-
propylene (PP) and PC) and the polymer composites (PP-CNT and PC-CNT) induced ROS
formation, but they did not observe any difference in the adverse outcomes between the pure
polymers and the composites [25]. Coyle and co-workers demonstrated that PC-CNT showed
approximately 2-fold more cytotoxicity than PC in human bronchial epithelial cells (BEAS-
2B). Moreover, cells exposed to 1.2 pg/cm? PC-CNT showed a significant increase in the in-
tracellular ROS formation and DNA damage at 48 h, whereas the cells exposed to PC did not
show any cytotoxicity. On the other hand, emission from PU and PU-CNT was not cytotoxic
to BEAS-2B [26]. Hufnagel et al. investigated the in vitro toxicity of combusted CNT, pure
polyethylene (PE), and PE-CNT on A549 cells via air-liquid interface (ALI) exposure. They
found that the combusted PE and PE-CNT induced cytotoxicity at 24 h, while the combusted
CNT did not [27]. Despite discrepancy among literature, it is clear that the type of polymer
matrix, the physicochemical properties and loading of nanofiller could affect the particles and
gases released from the combustion of the nanomaterial-enabled polymer composites and sub-
sequently their potential hazard [24,28,29], which has to be assessed case-by-case.

To our best knowledge, there is currently no information available on the airborne emissions
from the combustion of GNP-reinforced polymer and potential human health risks upon inha-
lation. Therefore, in this study, we have established a new platform to investigate the charac-
teristics and potential hazard of the emissions formed from the combustion of GNP-reinforced
polymer. The epoxy and GNP-reinforced epoxy served as a model system of GNP-reinforced
polymer, on which we had full transparency of the fabrication process and characterization. The
system combines a cone calorimeter (a standard fire analytical instrument), two real-time par-
ticle size distribution measurement instruments (aecrodynamic particle sizer and fast mobility
analyzer), a particle collection system for off-line analysis, and an on-line cell exposure system
for in vitro cytotoxicity assessment. As a biological model for the lung epithelium, we examined
the biological consequences at two time points (24 h and 96 h) of the airborne emissions on
differentiated A549 monolayer cultures exposed directly to the emissions at ALI conditions,
which more realistically resemble the conditions in the lung. The deposited doses of the emis-
sions were based on the realistic GRM concentrations [30]. This study provides new insights
on the characteristics and toxicity of emissions from the combustion of GNP-polymer compo-
sites, which is imperative to the safe and sustainable design and use of these promising materi-

als.
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4.2 Materials and Method
4.2.1 Epoxy and Epoxy-Graphene Nanoplatelet Composite

Diglycidyl ether of bisphenol A, DGEBA (Araldite GY 250, Huntsman, USA) and an aliphatic
polyetheramine (Jeffamine D-230, Huntsman, USA) were used as epoxy and hardener, respec-
tively. GNP (XG Science, Lansing, MI, USA) has lateral dimension of 25 pm according to the
manufacturer and the detailed characterization can be found elsewhere [15]. EP and EP-GNP

composites were fabricated as described elsewhere [31].

4.2.2 Combustion Experiment and Exposure System

The sample (10 cm width x 10 cm length and 4 mm thickness) was combusted using an FTT
cone calorimeter (Fire Testing Technology, West Sussex, United Kingdom) with the heat flux
of 50 kW/m? (~750 °C). The exhaust pipe of the cone calorimeter was modified for the sampling
probe, which was positioned above the flame. The soot from the combustion was sampled to
on-line particle characterization instruments, a filter for particle collection, and a cell exposure
chamber as shown in Fig. 4.1. Two samples were combusted consecutively for each cell expo-
sure experiment to achieve a deposited dose that was comparable to the realistic GRM concen-
trations [30]. Three biologically independent experiments were performed for each time point
(24 h and 96 h).

In vitro exposure l
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Figure 4.1 Scheme of the set-up of the combustion experiment consisting of cell exposure
chamber for in vitro toxicity assessment, collection of particles emitted from the combustion
for PAH analysis, and on-line aerosol characterization instruments. The drawing of cell expo-

sure chamber was created using Biorender.

The on-line particle size distribution characterization consisted of a fast mobility analyzer
(DMS 500, Cambustion, Cambridge, UK) and an aecrodynamic particle sizer (APS, Model 3321,
TSI, Shoreview, MI, USA). The cell exposure chamber consisted of an inlet on the top where
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the emissions enter the chamber. Four outlets at the bottom of four walls of the exposure cham-
ber were connected to a particle filter (AX1720HD, Lydall, Manchester, CT, USA) for particle
collection. The flow rate was controlled using a mass flow controller (Aalborg, Orangeburg,
NY, USA) and set at 8§ L/min. A quartz crystal microbalance (QCM, openQCM wi2, Pompeii,
Italy) was placed inside the chamber to monitor the doses of deposited particles. Sauerbrey
equation was applied to estimate the mass of the deposited particles based on the frequency
change of the quartz crystal [32,33]. Additionally, Si wafer grids were placed in the well plate
for scanning electron microscopy (SEM, Nova NanoSEM 230, FEI Company, Hills-
boro, OR, USA) analysis of the deposited particles. The number and size of the deposited par-

ticles obtained from SEM images in the area of 760 pm? were analyzed using ImageJ software.

4.2.3 Off-Line Particle Characterization

Particle morphology and elemental composition of pristine GNP and soot were analyzed using
the SEM equipped with an energy dispersive X-ray spectrometer (SEM-EDX, Nova NanoSEM
230). X-ray diffractometer (X Pert Pro, Malvern Panalytical, Malvern, UK) was employed to
determine the X-ray diffraction patterns of the pristine GNP and soot and residual ash from
combustion with the scan range between 5 and 80 degrees and a scan speed of 0.02 degree/s.
Raman spectroscopy mapping measurements were performed on Senterra Raman spectrometer
(Bruker, Billerica, MA, USA). We used an excitation laser with a wavelength of 532 nm and a
power of 2 mW and 50x objective lens. Each Raman spectrum was obtained with an integration
time of 20 s per point and co-addition of 2 spectra. Particles were sent to a commercial company
for the analysis of 16 PAHs (Table C1) using gas chromatography-mass spectrometry. Extrac-
tion and analytical methods were compliant with ISO 17025. Details can be found in Appendix
C.

4.2.4 Evaluation of Biological Responses
Cell Culture

Human alveolar pulmonary epithelial cell line (A549, American type culture collection CCL-
185, Lot number 60120896) was cultivated in complete cell culture medium (Rosewell Park
Memorial Institute (RPMI)-1640 medium, Sigma-Aldrich) supplemented with 10% fetal calf
serum (Sigma-Aldrich), 1% L-glutamine (Sigma-Aldrich) and 1% penicillin—streptomycin—ne-
omycin (Sigma-Aldrich) in T75 cell culture flasks. Cells were maintained at 37 °C and 5% CO:
in humidified atmosphere and routinely sub-cultured twice a week. Cells (5x10° cells per insert)
were seeded on the apical side of microporous culture inserts (PET, pore diameter 3 um, 113.1
mm? growth area, Thincerts™, Greiner Bio-One Vacuette Schweiz GmbH, St. Gallen, Swit-
zerland). Cells were cultivated in submerged condition for 96 h, where 1.5 mL complete cell

culture medium was added on the basolateral side and 1 mL on the apical side. After 96 h, cells
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were transferred to ALI conditions (by removing the apical medium) and kept for 24 h prior to
the exposure. For the exposure, cells were transferred to the cell chamber of the platform, with-
out gas composition or temperature control, for 15 min (removal of the lid) during the burning
of the composites and then transferred back to the cell culture incubator. After the exposure,
cells were incubated for 24 h or 96 h and then analyzed or stored for further analysis. Positive
controls for each assays were applied to the cells (100 uL of the indicated controls on apical
side) on the day of an exposure experiment unless stated otherwise. Negative control cultures

were cells exposed to filtered air (8§ L/min) for 15 min.
Cell Morphology

Confocal laser scanning microscope (CLSM, LSM780, 40x objective lens, Carl Zeiss AG,
Switzerland) was employed to investigate cell morphology. Cells were fixed in 4% paraform-
aldehyde (PFA, in PBS, Sigma Aldrich) and permeabilized with Triton X-100 (0.2% v/v in
PBS, Sigma Aldrich). Rhodamine phalloidin (Invitrogen; 1:40 in 1% BSA/PBS) was used to
stain F-actin and DAPI (4',6-diamidino-2-phenylindole, Life Technologies, Thermo Fisher Sci-
entific, Switzerland; 1:1000 in 1% BSA/PBS) was used to label the nucleus. After incubation
for 2 h without light at room temperature, inserts were washed with PBS, mounted on glass

slides using Mowiol (Sigma Aldrich), and stored at 4 °C until the analysis.
Cell Viability

Lactate dehydrogenase (LDH) release from cells is an indicator of cell membrane integrity and
the quantification of LDH is used to assess cytotoxicity. Cell culture media at basolateral side
were collected and analyzed using CytoTox96® Non-Radioactive Cytotoxicity Assay
(Promega Corporation, Madison, Wisconsin, USA) following the manufacturer's protocol with
some modification. Cells exposed to 0.5% v/v Triton X-100 (Sigma-Aldrich) in PBS for 1 h
were used as positive control. 3-(4,5-di- methylthiazol-2-yl)-5-(3-cyrboxymethoxy-phenyl)-2-
(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay, an indicator of mitochondrial activity,
was performed using the CellTiter96 Aqueous One solution (Promega). Positive control cul-
tures were treated with 10* uM CdSOs (apically). The Mithras2 microplate reader (Berthold
Technologies, Germany) was used for colorimetric measurements. The cell viability was re-
ported relative to the negative control (filtered air exposure). Detailed procedure of LDH and

MTS assay can be found in Appendix C.
Cytokine Profiling

The cellular (pro-) inflammatory responses are associated with the amounts of released cyto-
kines and chemokines in cell culture media. Samples were sent to Eve Technologies (Alberta,
Canada) for quantification of 15 crucial (pro-) inflammatory cytokines using multiplex tech-

nology (Bioplex, Biorad). The cytokine array included the following inflammatory markers:
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granulocyte-macrophage colony-stimulating factor (GM-CSF), monocyte chemoattractant pro-
tein-1 (MCP-1), tumor necrosis factor alpha (TNF-a), interferon gamma (IFNy), interleukin 1
(IL-1 B), IL-1ra, IL-5, IL-6, IL-8, IL-12(p70), IL-13, IL-2, IL-4, IL-10, and IL-12(p40). The

samples were analyzed in duplicates.
Gene Expression Analysis

At 24 h and 96 h after exposure to the emissions, membranes containing cells were cut from
the inserts and preserved in 500 pL of RNA protection buffer (Qiagen AG, Hombrechtikon,
Switzerland) until RNA isolation. RNA was isolated using miRNeasy Mini Kit following the
manufacturer's protocol (Qiagen). The real-time reverse transcriptase polymerase chain reac-
tion (RT-PCR) was carried out with a 96-well fast reaction PCR system (C1000 Touch™ Ther-
mal Cycler, Bio-Rad Hercules, CA, USA). The complementary DNA (cDNA) was synthesized
using the isolated RNA, iScript reaction mix (Bio-Rad Laboratories, Hercules, CA, USA) and
iScript reverse transcriptase (Bio-Rad Laboratories). The reverse transcriptase reactions were
performed by combining cDNA and iQ SYBR Green Master mix. The relative expression val-
ues of the target mMRNA was calculated using the 22Ct method [34] and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as a reference gene. Two anti-oxidative stress mark-
ers heme oxygenase 1 (HMOXI) and superoxide dismutase 2 (SODZ2) were assessed. Aryl
hydrocarbon receptor (AhR) activation was evaluated using cytochrome P450 1A1 (CYPIAI)

gene. The primer sequences for all tested genes are reported in Table C2 in Appendix C.
Statistical Analysis

Data were analyzed in three repetitions and all assays were performed at least in duplicates. All
results are presented as mean =+ standard error of the mean and p values < 0.05 were considered
statistically significant. A Turkey post-hoc test was performed using R to compare the means

among filtered air control, emissions from EP, and emissions from EP-GNP.

4.3 Results and Discussion
4.3.1 Combustion Characteristics of EP and EP-GNP

In our combustion experiment, we employed the cone calorimeter, a standardized instrument to
study the fire behavior of materials according to ISO 5660-1. This allowed us to investigate the
effects of nanofillers on the combustion behavior in a controlled manner. The change in com-
bustion profile could affect the physicochemical properties of the emissions and subsequently
their potential hazard. The cone calorimetry revealed the fire characteristics of EP and EP-GNP
during the combustion and important parameters are summarized in Table C3. The combustion
of each sample lasted 5 to 7 min. Plots of heat release rate, which represent the combustion
profile of the samples, showed peaks at around 130-140 s (Fig. C1). GNP can slightly delay the
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time to ignition of epoxy composite due to the good thermal diffusivity of GNP, which helps to
diffuse the heat from material's surface to the bulk [35]. The major effect of adding GNP was
a slight reduction in the peak heat release rate (pHRR) and a slight enhancement in CO produc-
tion, which led to an increase in CO/COz ratio. Complete combustion produces only CO; and
water, while CO is a result of incomplete combustion. Higher CO/CO; ratio of EP-GNP indi-
cated that GNP could contribute to more incomplete combustion compared to pure epoxy. With

this, GNP could influence the chemical composition of the emissions.
4.3.2 Particle Characterization
Particle Size Distribution

a) DMS 500 b) APS
EP

m
v

dN/dlogd, (#/cm®)

l Imw “’”“11 Hl . 0-100s
10° “Bx10% 1T

| 108 I I I

| ]

|

V

m,
-
=]
=]
=]

-
o2
X
53,

o

aa
®
=)

wae o
xR x

100/l x :1 ] 101-250's

« 251-410s

ojﬂﬂél:u:ﬂlmw MHH,HH‘M. "

0 100 1000 1 10
1308,,523 ﬁ?,‘,’gts‘,"“ Electrical mobility, d, (nm) Aerodynamic diameter, d, (um)

EP-GNP
ax10” M.+ 0-100s
£ 207 L .
0 Luath
1.6x10° m o+ 101-250 s
ax10®{ Il
[] . i

.6x107 M+ 251-447s

-3
o - N W

LTS

259 .29
2, 0%

an

3

>

10

dN/dlogd, (#cm®)

—-—
3333333
dN/dlogd, (#/cm®)

Electrical mobility, d, (nm)

m
0
®
z
T

dN/dlogd, (#/cm®)

o
=1
=]

%)

100

Electrical mobility, d, (nrj)
dN/dlogd, (#/ci

0 100 200 300 400 10 100 1000 1 10
Burning time (s) Electrical mobility, d, (nm) Aerodynamic diameter, d,, (um)

Figure 4.2 Particle size distributions of airborne emissions from the combustion of EP and EP-
GNP measured by a) DMS500 and b) APS.

The presence of GNP did not affect the particle number nor the particle size of the emissions.
Total concentrations of the emissions from burning EP and EP-GNP measured by DMS500
(Fig. C2) had the peaks in the range of 10° particles/cm’. Fig. 4.2a showed that the particle size
distributions had the peak concentrations between 100 s and 200 s of the burning time, which
matches well with the time window of peak heat release rate in cone calorimetry. Since the
combustion is a dynamic process, different size distributions were observed over the burning
period. However, similar characteristics of particle size distributions were detected from the
combustion of EP and EP-GNP. Before the peak concentrations (during 0-100 s), average par-
ticle size distribution revealed two particle modal sizes at around 20 nm (the dominant mode)
and at around 200 nm. At the peak concentrations (101-250 s), the dominant particle mode was
at approximately 15 nm and another mode was at around 150 nm, which might not be seen due
to its relatively low concentration compared to the first mode. After the peak concentrations

(from 251 s), the particle modes were at 15 nm and 200-300 nm. Particles in micrometer range
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analyzed by APS showed that particle modes were between 1 to 2 um (Fig. 4.2b). The results
from DMS500 and APS suggested that the sizes of particulate emissions from burning EP and
EP-GNP were smaller than 4 um, which falls into the respirable fraction in the alveolar region
of the lung [36].

Raman Spectroscopy Mapping and XRD of the Particulate Emissions

Raman spectroscopy is a useful tool to study graphitic materials because they showed distinc-
tive patterns consisting of D band (1355 cm™), G band (1581 cm™) and 2D band (~2700 cm™).
Details can be found in Appendix C. The degree of defects on the graphitic sheets are associated
with the shift of the G peak position and the intensity ratio of D band to G band (I(D)/1(G))
[37]. D, G and 2D band positions and I(D)/I(G) were obtained from Raman spectroscopy map-
ping of pristine GNP, soot and residues from the combustion of EP and EP-GNP (Fig. C3a, Fig.
C4, and Table C4). [(D)/I(G) of the soot and residues of EP and EP-GNP was higher than the
pristine GNP. Residues of EP and soot of both EP and EP-GNP showed a broad shape of 2D
band, whereas residues of EP-GNP showed a broad 2D band ranging from 2300 to 3300 cm™!
and a relatively sharp peak around 2703 cm™. The 2D band of graphene sheet usually appears
as a sharp peak and becomes broader with increasing disorder [38]. The shape of the 2D band
suggested that the residues from EP-GNP contained amorphous carbon and ordered structure
material, which could be an indication of GNP. The 2D band of the EP residues and soot of EP
and EP-GNP showed only a broad band indicating the presence of only amorphous carbon [38].

XRD patterns of soot and residues of EP and EP-GNP were compared with that of pristine GNP
(Fig. C3b). XRD pattern of GNP had a peak at a 20 of 26.9°, corresponding to the 002 crystal
plane of the ordered hexagonal graphite with an interlayer spacing of 3.33 A. Residues from
EP-GNP showed two peaks at 002 position including a peak at 26 of 26.9°, an indication of
ordered structure carbon, and a broad peak with 20 ranging from 15° to 30°, an indication of
amorphous carbon. The residues of EP and soot of EP and EP-GNP only showed a broad peak
at 002 position suggesting the absence of the ordered structure carbon (no GNP). Both Raman
and XRD results indicated the presence of GNP in the residual ash, not in the aerosol fraction,
which could be due to the ability of GNP to form a network-structured layer during the com-
bustion [2,9,10,31] that made GNP remained in the residues. Kotsilkov and co-workers also
found the release of GNP in the residual ash from burning a PLA-GNP film at 850 °C, but there

was no information about the release in the airborne fraction [13].
Organic Compounds Analysis by GC-MS

Bar charts in Fig. 4.3 display the value of 16 PAHs and the equivalent benzo(a)pyrene (BaP)
PAH concentration. Total amount of PAHs in particulate emissions formed from EP and EP-
GNP combustion were 9333 ppm and 15262 ppm, respectively (uncertainty of analysis = 12-
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24%), suggesting that GNP embedded in the epoxy composite could amplify the PAH concen-
tration of the particulate aerosol released during the combustion of epoxy composite by around
64% compared to EP. Although combustion of EP-GNP produced higher concentrations of in-
dividual PAHs compared to EP, similar composition fractions of individual PAHs within the
total amount was observed for EP and EP-GNP. Phenanthrene, fluoranthene and pyrene have
the highest concentrations among analyzed PAHs. In terms of toxic potential of the emissions,
BaP, benzo(a)anthracene, and dibenzo(a,h)anthracene contributed to the highest fractions of the

equivalent BaP concentrations as shown in Fig. 4.3b.
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Figure 4.3 a) Comparison between PAH concentrations in ppm (ug PAH per g of particles) of
particles emitted from the combustion of EP and EP-GNP and b) corresponding toxic potential
of each PAH presented as equivalent benzo(a)pyrene (BaP) concentration [39] (ppm). The an-
alyzed PAHs included naphthalene (Nap), acenaphthylene (Acy), acenaphthene (Ace), fluorene
(Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (Fla), pyrene (Pyr), chrysene (Chr),
benzo(a)anthracene (BaA), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF),
benzo(a)pyrene (BaP), indeno(1,2,3-c,d)pyrene (InP), dibenzo(a,h)anthracene (DaA), and
benzo(g,h,i)perylene (BgP).

So far, there has not been any studies about the effect of embedded GNP for PAH formation,
so we compared our results to CNT and Ceo, which are also carbonaceous nanomaterials. Singh
and co-workers reported the effect of CNT on the enhancement of PAH profile of the particles
released from thermal decomposition of thermoplastics [24]. They showed that the degree of
enhancement in PAH concentrations varied depending, not only on the type of nanofiller, but
also on the type of matrix. For example, PU-CNT had two times higher total PAH concentra-
tions than pristine PU, while PP-CNP and PC-CNT had almost eight times higher total PAH
concentrations than their parent matrices. The presence of Ceo enhanced the formation of some
PAH species such as chrysene and phenanthrene by more than 200 and 20 times, respectively,

during the waste incineration [40].

Regarding PAH formation mechanism, an increase in PAH concentrations could be caused by

metal traces in pristine GNP (Fig. C5), which may exist in the parent graphite used for GNP
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synthesis or is introduced during the manufacturing process related to chemical exfoliation [41].
Metal and metal oxides such as Ag, Fe, Pb, Cr, TiO,, Fe;Os3, and AbO3 could catalyze the
formation of PAH [24,40,42—44]. Metal atoms on soot particles were hypothesized to enhance
the formation of PAH by offering active sites where the reactions that catalyzed PAHs could
occur [42,43]. Additionally, our cone combustion results suggested that GNP could suppress
the combustion process, resulting in an incomplete combustion. According to cone calorimetry
results, the higher CO/CO; ratio of EP-GNP as compared to EP supported our hypothesis that
GNP hindered the combustion process and led to a higher degree of incomplete combustion,

which could be a cause for PAH formation.

4.3.3 Evaluation of Biological Responses

We assessed the biological response of alveolar epithelial cells at 24 and 96 h after exposure to
the emissions, which allowed us to study acute and chronic cellular effects. The human alveolar
epithelial Type II cells (A549) were used in our study because they are polarized and produce
surfactant similar to in vivo conditions. Moreover, cells were maintained at ALI conditions,

which more realistically resembled the in vivo situation.
Deposited Dose Determination

The QCM measurements of the filtered air showed no frequency change during the exposure
period over 15 min (Fig. C6), indicating that the deposited particles during the filtered air ex-
posure were below the detection limit of QCM (1 ng/cm? according to manufacturer). The QCM
results and the SEM images showed a reproducible and controlled deposition of combustion
particles. Results from QCM (Fig. C7) revealed that the average deposited doses of the emis-
sions from EP and EP-GNP were in the similar range, specifically 0.27 + 0.08 pg/cm? for EP
and 0.29 = 0.08 pg/cm? for EP-GNP. Fig. C8 showed the SEM images and the corresponding
particle size distributions of the uniformly deposited particles in the well-plate, which were
comparable between EP and EP-GNP. The deposited doses in this study were in the same range
as those reported in other in vitro toxicity studies that performed an air-liquid interface aerosol
exposure to carbonaceous materials (CNT, GNP, GO) or emissions from the combustion of
polymer nanocomposites (TiO2 , CuO, or CNT nanofillers) [19,27,45,46]. Only one deposited
dose was investigated in this study because our exposure system was not equipped with the
controlled humidified atmosphere and CO» concentration, which may cause negative impacts

to the cells when the exposure period was prolonged to enhance the particle deposition.
Cell Morphology and Viability

Immunocytochemical staining revealed that the cells treated with filtered air, which was used
as the negative control, did not show any significant differences in cell morphology and mon-

olayer integrity compared to the untreated cells (Fig. C9). There were no apparent changes in
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cell morphology after cell exposure to emissions from EP and EP-GNP as compared to filtered
air exposure even at 96 h post-exposure time (Fig. 4.4a). Cell viability was evaluated by the
release of LDH (membrane integrity) and MTS assay (mitochondrial activity) (Fig. 4.4b-c).
Emissions from the combustion of EP did not affect membrane integrity or mitochondrial ac-
tivity of the cells up to 96 h post-exposure. For emissions from EP-GNP combustion, a transient
decrease in mitochondrial activity (significant at 24 h, p<0.05; recovered to negative control
levels at 96 h) was observed, but this did not lead to cell death as evidenced by the lack of LDH

release at both investigated time points.
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Figure 4.4 a) Cell morphology at 96 h after exposure to filtered air and emissions from com-
bustion of EP and EP-GNP analyzed using confocal laser scanning microscopy. Blue = DAPI;
magenta = Rhodamine phalloidin. Scale bar is 20 um. Cell viability determined by measuring
b) the release of lactate dehydrogense (LDH assay) and c¢) mitrochondrial activity (MTS assay).
Triton X-100 (0.5% v/v) and CdSO4 (10* uM) were used as (+) controls for LDH and MTS
assays, respectively. Bar chart displays average values of three experiments and error bars are
standard error of mean. Symbol * and # indicate statistically significantly different from the

filtered air exposure (p<0.05).
Cytokine profiling

To estimate potential (pro-) inflammatory responses of airborne emissions, we performed a
cytokine profiling of 15 cytokines and chemokines. The relative concentration of 10 cytokines,
including TNF-a, MCP-1, IL-8, IL-6, IL-5, IL-1Ra, IL-12p70, IL-10, IFNy and GM-CSF, re-
leased into cell culture media compared to filtered air control were displayed in Fig. C10. IL-
13, IL-2, IL-4, IL-10, and IL-12(p40) were also included in the Bioplex panel; however, their

release levels were below the limit of detection for the experimental set-up. After exposure to
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EP and EP-GNP emissions, all cytokines, except MCP-1 and GM-CSF, were at similar levels
as cells exposed to filtered air. Both MCP-1 and GM-CSF are associated with (pro-) inflamma-
tory responses and GM-CSF also contributes to the development of autoimmune and inflam-
matory diseases [47]. We found a significant increase in secreted MCP-1 in cell culture media
at 24 h after exposure to emissions from both EP and EP-GNP compared to filtered air exposure,
whereas at 96 h the MCP-1 levels in these samples were comparable to filtered air exposure
(Fig. 4.5a). EP-GNP further induced a noticeably higher level of the growth factor GM-CSF
than filtered air exposure (p = 0.064) at 24 h, while EP also induced a slightly higher GM-CSF
level at 96 h compared to EP-GNP and filtered air exposure; nevertheless, these increases were
not statistically significant (Fig. 4.5b). Since the expressions of the other key cytokines/chem-
okines in the array were not affected, the increased MCP-1 indicates only a limited (pro-) in-
flammatory response. The release of MCP-1 and GM-CSF is a cellular protective mechanisms
in response to oxidative stress, cytokines or growth factors via recruiting monocytes [48] and
activating granulocytes and macrophages, respectively [47]. The release of MCP-1 and GM-
CSF was previously reported when cells were treated with particles from diesel exhaust or air-
craft turbine engine exhaust [49-51].
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Figure 4.5 Release of two cytokines/chemokine including a) monocyte chemoattractant pro-
tein-1 (MCP-1) and b) granulocyte-macrophage colony-stimulating factor (GM-CSF). ¢) Ex-
pression of two oxidative stress genes (HMOXI and SOD2) and aryl carbon receptor gene
CYPIAI in comparison to filtered air exposure (negative control). Bar charts present average
values from three experiments = standard error of mean. Symbol * and # indicate statistically

significantly different from negative control (p<0.05).
Gene Expression Analysis

No significant alteration in expression levels of two oxidative stress-related genes, HMOX1 and
SOD2, was detected from exposure to either EP or EP-GNP emissions at 24 h and 96 h time

point (Fig. 4.5¢). It is well known that oxidative stress is closely related to inflammatory re-
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sponses [52]. Although EP and EP-GNP could induce the release of (pro-) inflammatory medi-
ators MCP-1 and GM-CSF, we did not observe any significant deregulation on the expression
levels of the oxidative stress related genes HMOXI and SOD_.

Expression level of CYPIA1 gene was upregulated by 50-fold at 24 h after exposure to emis-
sions from the combustion of both EP and EP-GNP and further increased by 150-fold at 96 h
time-point (Fig. 4.5¢). This significant increase in CYPIA1 expression suggested a strong cel-
lular response to PAHs, which is responsible for metabolism of PAHs via the aryl hydrocarbon
receptor [53]. Previous studies showed that the presence of PAHs induced an increase in the
expression level of CYPIAI in A549 cells [54] in a dose-dependent manner [55]. Therefore,
elevated PAH concentrations and consequently higher equivalent BaP concentrations of EP-
GNP emissions may be one of the contributors to slightly higher CYPIA1I expression level of
EP-GNP at 24 h after exposure compared to EP. Nevertheless, CYP1A41 expression was similar
at 96 h post-exposure for EP and EP-GNP emissions, suggesting that the higher levels of PAHs
in EP-GNP emissions did not considerably amplify the cellular response. Overall, despite some
differences in the absolute PAH levels, the response in CYP/A! activation was rather similar
for EP and EP-GNP emissions. However, more genes associated with aryl hydrocarbon receptor

should be analyzed to better understand the possible impact of increased PAH concentrations.

Despite a decrease in mitochondrial activity at 24 h after exposure, EP and EP-GNP did not
show any significant difference in other cytotoxicity markers. Since we detected that GNP pre-
sented only in residual ash, GNP (if any) was not likely to directly contribute to the biological
effects of the aerosol emissions found in this study. Even though the combustion of EP-GNP
produced higher PAH concentration in the particulate emissions compared to EP, EP-GNP only
showed slightly higher, but not significant, expression level of CYPIA1 gene. Apart from PAHs
adsorbed to particles, PAHs and other toxic compounds in the gas phase such as SO> and NOx
could be formed during the combustion of epoxy composite. Previous studies reported that
some PAHs could inhibit CYP1 family enzymes i.e. CYP 1A1, 1A2 and 1B1 and consequently
affect the metabolisms of xenobiotics catalyzed by these enzymes [56]. PAHs can induce CYP1
localization to mitochondria, which then leads to mitochondrial respiratory dysfunction [57].
Based on our results, an elevated PAH concentration may account for the decrease in mitochon-
drial activity caused by EP-GNP with respect to EP. However, the elevated PAH concentration
may not be high enough to cause permanent effects as we observed the recovery of the mito-

chondrial activity of the cells to the level of negative control at 96 h.

The contribution of the soot fraction to the difference in biological effects caused by the emis-
sions from the combustion of EP-GNP compared to those of EP was not likely since the depos-
ited doses in both cases were not statistically different. And the particle size distributions of the

emissions from EP and EP-GNP measured by APS and DMS 500 were also in a similar range.
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Dilger and co-workers studied the contributions of soot, metals and PAHs, which were the
components of the wood smoke particles, to the biological effects of A549 under submerged
exposure conditions. The soot and PAHs contributions were mimicked using carbon black and
BaP, respectively. They found that PAHs adsorbed to wood smoke particles did induce PAH
metabolism by CYPIAI to higher extent than the pure BaP. Mitochondrial activity of A549
cells after exposure to carbon black up to 100 pg/mL (31.25 pg/cm?) was not decreased, but
increased, and LDH release was not affected. Carbon black, representing soot fraction, with the
delivered doses of 50 and 100 pg/mL and metals could induce ROS formation [58]. In our
study, the deposited doses (0.27-0.29 pg/cm?) were much lower and did not result in an oxida-
tive stress response (as demonstrated by the HMOXI and SOD2 expression). Hufnagel et al.
also analyzed whether particles and/or gases contributed to the toxic effects of the emissions
from the combustion of nanomaterial-enabled polymer by comparing the whole emissions to
the particle-filtered emissions. They did not observe any difference in the biological effects on
A549 cells after exposure to the whole emissions or the gaseous phase, concluding that the toxic
effects were entirely due to the gaseous phase in the emissions such as CO and volatile and
semi-volatile organic compounds [27]. Therefore, the reason for the transient reduction in mi-

tochondrial activity caused by EP-GNP but not EP emissions still remains to be identified.

In the present study, we have established and applied a platform to investigate effects of GNP
nanofiller in epoxy composite on the aerosol released from the combustion in terms of their
particle size and concentration, PAH concentration, and biological effects on lung cells. The
concentrations of the released aerosols were in the range of 10° particles/cm® and their sizes
ranged from tens of nanometers to a few micrometers, which is in the respirable size range. The
presence of GNP did not alter the particle size distributions of the emissions formed during the
combustion of the epoxy. Raman spectroscopy and XRD analysis of the particulates formed in
the combustion process confirmed the absence of GNP in the airborne fraction emitted from
the combustion of EP-GNP, while GNP were found in the residual ash. Despite its absence in
airborne fraction, presence of GNP in EP could enhance PAH concentration of the particles
released from the combustion. After exposure to EP and EP-GNP combustion emissions, we
did not observe any change in cell morphology, any severe cytotoxicity, release of (pro-) in-
flammatory factors, nor a change in expression levels of oxidative stress markers, HMOXI and
SOD?2, indicating the absence of an acute cytotoxic effect. Emissions from EP and EP-GNP
strongly affected the PAH metabolism in the cells (upregulation of CYPIAI). The elevated
PAH concentration in the particles emitted from EP-GNP combustion may be one of the con-
tributors to the deviation in the toxicological outcome observed in EP-GNP compared to EP.
Our results confirm the potential health risks of the aerosol emissions from epoxy composites

at their end-of-life via a combustion process, at the same time highlights that incorporation of
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GNP is not inducing any novel or additive adverse effects on alveolar epithelial cells within 96
h of culture.
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Graphical Abstract
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Polycyclic aromatic
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Direct
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Gas chromatography-mass spectrometry for PAH analysis

The samples are extracted with a mixture of cyclohexane and acetone in an ultrasonic bath. The
extract is purified using solid-phase extraction. After purification, the extract was analyzed by
gas chromatography-mass spectroscopy (Shimadzu GC-2010 Plus coupled with TQ-8040). For
gas chromatography, the column used was Agilent, Select PAH, 30m x 0.25mm x 0.15um. The
oven temperature was programmed in multiple stages with temperature ramping from 70 to 340
°C.

LDH assay

The collected culture media were diluted in complete culture media (1:5 ratio). Triplicates of
50 uL of the diluted samples from each well were transferred to a 96-well plate and50 pL of
assay reagent was added. After 30 min incubation at room temperature, stop solution was added

and the absorbance was measured at 490 nm.
MTS assay

Cell inserts were transferred to a new 12-well plate and phenol red-free RPMI 1640 medium
(500 pnL) was added to the basolateral side, while 400 uL of MTS working solution (1:5 dilution
of MTS reagent in phenol red-free RPMI 1640) was added to the apical side. After incubation
at 37 °C for 1 h, 120 pL of the MTS solution on the apical side of each insert was transferred

to a 96-well plate in triplicates and the optical density at 490 nm was measured.
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Figure C1 Plots of heat release rate of EP and EP-GNP obtained from cone calorimetry analy-
sis. The data points are average values + standard deviations from three combustion experi-
ments.
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Figure C2 Total concentrations measured by DMS500 of the emissions from combustion of a)
EP and b) EP-GNP.
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Figure C3 a) Raman mapping results and b) X-ray diffraction patterns of pristine GNP, com-
bustion residues of EP and EP-GNP and soot from combustion of EP and EP-GNP.
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Figure C4 Raman mapping of GNP.

Characteristic Raman shifts of GNP

In general, the D band at 1355 cm! corresponds to sp® vibration (A1 breathing mode) existing
when there are defects on graphene sheets. The G band around 1581 cm™ corresponds to sp?
vibration, which always exists in sp® structure such as aromatic compounds, but not only limited
to the six-fold rings [37]. The shape and position of the 2D band are associated with the number
of graphene layers. Unlike the D band, the 2D band does not represent defects.

Raman spectra of GNP (Fig. S4) showed that the positions and intensities of D band varied
depending on the analyzed spots and some spots did not have a D band. The G band and 2D
band of GNP appeared as sharp peaks at 1583 cm™! and 2702 cm™!, respectively.

a) b)

Figure CS5 a) Electron microscopy image of GNP and b) elemental compositions of GNP ana-
lyzed using EDX.
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Figure C6 Frequency measured by QCM during the filtered air exposure.
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Figure C7 Estimated deposited doses of the particles emitted from the combustion in the cell
exposure chamber determined using quartz crystal microbalance (QCM). Bar chart displays

average values from at least five experiments and error bars are standard error of mean.
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Figure C8 a) Representative electron microscopy images of the deposited aerosols from EP
and EP-GNP combustion and b) Number size distributions of the particles deposited on the
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bottom of the well-plate. Projected area diameter of particles (equivalent diameter) were deter-
mined using Imagel software. The bar charts show average values = standard deviation from
three electron microscopy images from different areas.

Untreated F-air
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Figure C9 CLSM images of A549 cells under incubator control, filtered air control and expo-
sure to EP and EP-GNP emissions. Scale bars are 20 pm.
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Figure C10 Color map showing relative concentrations of 10 cytokines in cell culture media
after 24 h and 96 h post-exposure to emissions from EP and EP-GNP compared to negative

control (filtered air exposure). Color bar shows values in folds relative to filtered air exposure.
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PAH Abbreviation
Naphthalene Nap
Acenaphthylene Acy
Acenaphthene Ace
Fluorene Flu
Phenanthrene Phe
Anthracene Ant
Fluoranthene Fla
Pyrene Pyr
Chrysene Chr
Benzo(a)anthracene BaA
Benzo(b)fluoranthene BbF
Benzo(k)fluoranthene BkF
Benzo(a)pyrene BaP
Indeno(1,2,3-c,d)pyrene InP
Dibenzo(a,h)anthracene DaA
Benzo(g,h,i)perylene BgP

Table C2 Primer sequences for quantitative PCR

Gene GenBank accession Direction Primer sequence
number
GAPDH NC_000012 forward AAC AGC CTC AAG ATC ATC AGC
reverse GGA TGA TGT TCT GGA GAG CC
HMOXI1 CP002685 forward TTC TCC GAT GGG TCCTTACACT
reverse GGC ATA AAG CCCTACAGC AACT
SOD?2 NM_000636.2 forward CTG CTG GGG ATT GAT GTG TGG
reverse TGC AAG CCATGT ATCTTT CAGT
CYPIAl NM 000499.3 forward GGC GTT GTG TCT TTG TAA ACC AGT GGC

reverse

CAG GTA GGA ACT CAG ATG GGT TGA CCC
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Table C3 Summary of combustion characteristics of EP and EP-GNP obtained from cone cal-

orimetry
Sample TTI(s) peak HRR Ave- EHC Total Ave- Ave-CO Ave-CO2 CO/CO2
(kW/m?) HRR (300 s) heat re- specific yield yield
(300s) (MJ/kg)  lease MLR (kg/kg) (kg/kg) ratio
(kW/m?) MJI/m?)  (g/s'm?)
EP 243+3.1 1426.8£39.9 414.348.2 24.0+0.4 126.143.0 23.4+1.0 0.054+£0.001 1.593+0.003 0.034

EP-GNP 29.3+1.7 1405.6+46.3 430.2+44.8 24.7+0.1 133.2+1.4 23.2+1.5 0.060+0.005 1.588+0.016 0.038

Table C4 Summary of D and G positions and I(D)/I(G) ratios obtained from Raman spectros-
copy mapping of pristine GNP, combustion residues of EP and EP-GNP and soot from com-
bustion of EP and EP-GNP

ID)/IG) ratio  ypy) 1) ratio 2D position (cm™),

Sample D position (cm™) G position (cm™) e height (shape*)
EP-soot 1343.8+4.6 1586.0+£2.2 1.85 0.91 2863.2437.2, (b)
EP-GNP-soot 1346.7+4.5 1586.3+1.0 1.85 0.93 2863.8+£23.4, (b)
EP-residues 1353.74£5.2 1593.3+4.5 1.72 0.90 2846.3£27.0, (b)
EP-GNP-residues 1354.0+1.1 1586.7+8.3 1.46 0.74 2703.3+6.5, (b+s)
GNP 1351, 1362 1583 0.14, 0.50 0.14, 0.50 2702.0£0.7, (s)

* (b) — broad peak; (s) — sharp peak
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Chapter 5

Summary and Outlook

5.1 Summary

GRMs are new emerging materials that show opportunities in numerous applications. It is im-
portant to understand the beneficial properties of GRMs as fillers in the polymer composites
and the potential hazard of GRMs as well as of the release aerosols from the GRM-based pol-
ymer composites during their use phase and at the end-of-life in order to support the safe and
sustainable use and development of GRMs and GRM-based products. However, there is still
numerous combinations of GRM and other additives for further property enhancement to be
explored and the information about the potential hazards of the GRMs and GRM-containing
composites is still limited. This thesis presents the systematic studies to investigate the relation-
ship between the structure-property of GRM-based epoxy composites, the characteristics of the
released aerosol particles from two possible scenarios i.e. abrasion and combustion, and the

corresponding in vitro toxicity of the released particles.

The results obtained from this thesis confirmed the hypotheses that the properties of epoxy
composite can be largely influenced by the structure of hardener and fillers (DOPO and GNP).
Moreover, the hazard of the GRMs as well as the release of the aerosols from the GRM-based

composites can be affected by the physicochemical characteristics of the GRMs.

Regarding the structure-property relationship of the epoxy composite, the linear structure of
hardener allow the rigidity of DOPO to overshadow the worsen modulus by crosslinking effect.
GNP, which is a few layer graphene with the platelet structure, contributes to rigidity effect and
enhance the modulus. Even though increasing the loading of DOPO and GNP could enhance
the flexural modulus and flame retardancy efficiency of the epoxy composite, the loading of
these fillers over some extent could worsen the composites' flexural strength. The improvement
in flexural modulus, flexural strength and flame retardancy efficiency could be achieved by

balancing the loading amount of the combination of the two fillers.

Another consideration that is needed to be taken into account is the toxicity aspect of the fillers.

Since the inhalation is one of the major exposure routes and the most rapid exposure pathway,
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toxicity of the pristine GRMs and DOPO from the occupational exposure during the manufac-
turing and fabrication process is of concern as well as aerosol particles released from the com-

posites during their life cycle should also be considered.

Since DOPO showed no in vitro toxic effects towards neural cells, skin cells, lung epithelial
cells and macrophages [1] and DOPO is chemically bonded to the epoxy resin, the release of
DOPO is of less concern upon the abrasion of the epoxy composites. Hazard assessment of
pristine GRMs on human macrophages showed the size- and dose-dependent effect of GRMs.
GNP-2, which has larger lateral dimension (25 um), induced more cytotoxic effect towards
human macrophages than GNP-1, which has smaller lateral dimension (5 um). GO and rGO,
with similar lateral dimension to GNP-1, showed no sign of cytotoxicity. However, the effect

of surface property on the toxicity cannot be concluded yet from this study.

Release fraction of GRM from an abrasion process could be influenced by the interfacial inter-
action between the surface of GRM and epoxy molecule, which depends on the platelet struc-
ture and the size of the GRM. Comparing among different GRMs, the results from this study
showed that GRM with smaller lateral dimension were released with the higher fraction than
the larger GRM. Other factors such as C/O ratio, thickness, and interlayer force could also play
a role. For example, Hammer ef al. demonstrated the effect of interlayer bonding of GRMs on
the release fraction of GRMs from the epoxy composite via abrasion process. Since GO has
stronger interlayer bonding than GNP, the whole GO particles could be released of from the
epoxy composite, whereas GNP could be released layer by layer. This could led to higher re-
lease fraction of GO than GNP [2]. Therefore, more experiments as well as modelling works
are needed to elucidate these points. When compared with another carbonaceous structure
CNTs, our results showed significantly high released fraction of GRMs (~50-90%) as compared
to the CNTs (<1%). This could be due to the much smaller agglomerates of CNT (in the range
of nm) entwining as spherical structure after the manufacturing process compared to the ag-
glomerates of GRM, which were platelet shape with the lateral dimension in tens of micrometer
range. The smaller agglomerates of CNT were better embedded in the epoxy composites and
more difficult to be released by abrasion of the composites as compared to the agglomerates of
GRM. This highlights the fact that even though GRM and CNT are both carbonaceous materi-
als, due to their structural difference, they showed distinct release fractions from the epoxy

composite.
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For the combustion, normally, the thermal degradation of epoxy produces volatile organic com-
pounds such as acrolein, acetone, and allyl alcohol [3]. When epoxy/DOPO is thermally de-
composed, the CO/COz ratio is increased compared to the neat epoxy, which is an indication of
the incomplete combustion, suggesting that more volatile organic compounds could be formed
in the presence of DOPO. Further studies should characterize the physicochemical properties
and investigate the potential toxic effects of the aerosol released from the thermal decomposi-
tion of the epoxy/DOPO composites. The results from this thesis revealed that GNP could en-
hance the PAH formation during the combustion of epoxy/GNP composites as compared to
neat epoxy. Although the emissions from the combustion of epoxy and epoxy/GNP composites
could induce some biological effects towards lung alveolar epithelial cells (increase in pro-
inflammatory response and activation of aryl hydrocarbon receptor, but no effect on LDH re-
lease and oxidative stress genes), no significant difference was observed between the emissions
from pure epoxy and those form epoxy/GNP, except the transient decrease in mitochondrial
activity due to epoxy/GNP emissions. Nevertheless, due to the carcinogenicity of some PAHs,
the long-term exposure to the released aerosol from the combustion of epoxy/GNP should be

further considered.

Overall, based on their mechanical reinforcement, flame retardancy properties and low in vitro
toxicity towards lung cells (macrophages and alveolar epithelial cells) shown in this thesis,
GRMs show promising opportunities for industrial applications. These results have contributed
to an improvement in understanding the structure-property relationship of the GRM-reinforced
epoxy composites and hazard assessment information of the pristine GRMs and the GRM-re-
inforced epoxy composites. These can be useful for the risk assessment of the GRMs and GRM-
containing composites, the design of the protection system for people, who are in close contact
with the emissions from these composites such as workers, researchers, and firefighters, and

the development of the safe and sustainable GRM-reinforced composites.

5.2 Outlook

So far, there is still limited number of studies on the potential hazards of the pristine GRMs and
the particles released from the GRM-enabled composites. More experimental data are required
to build a more complete dataset for risk assessment, which will allow the safe production and

use of the GRMs and GRM-enable products for the environment and human health in the future.

In this study, only limited concentrations of GNP in the epoxy composites were explored i.e.

up to 5 wt % in the study on the properties of the epoxy composites and 1 wt % in the release
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studies. Since GNP concentrations could affect the mechanical reinforcement and flame retard-
ancy properties of the GRM-epoxy composite, the particles released from the abrasion and
combustion of the composites containing higher loadings of GRM should be further investi-

gated.

The combustion platform established in this study can be applied to study other nanocompo-
sites. Moreover, FTIR can be implemented to the platform to characterize the toxic gases re-
leased during the combustion in real time. Since combustion is a complex process, the effect of
nanofillers on the fire behavior and the emissions during the combustion of the polymer com-
posites cannot be generalized. For example, in the context of GRMs, the different loadings of
GRMs, the combination of GRMs with other flame retardants, or the types of polymer matrix
could affect the characteristics and toxicity of the emissions, which may be different from the

outcomes found in this thesis.

In terms of in vitro toxicity models, more complex in vitro lung models can be further improved
by using the co-culture of epithelial cells and immune cells, which more resemble the real sit-
uation. Moreover, primary cells can be employed instead of cell lines, which allow the long-
term study and repeated exposure study as well as the study of vulnerable cells obtained from
the patients with pulmonary disease asthma and chronic obstructive pulmonary disease

(COPD).
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