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into small organic molecules are attractive. Recent works have
been able to create biodegradable plastics with mechanical and
thermal properties similar to virgin petroleum plastics, such as
a vanillin-based thermoset, made by Ma et al. with tensile
strength only ∼0.4 GPa lower than an epoxy thermoset.17−19 A
continuing problem for such biodegradable plastics is the loss
of barrier properties due to the relative hydrophilicity of these
polymers often requiring polymer blends or additives, which
can introduce their own di#culties. However, recent progress
has been made to improve these properties, such as a study by
Sangroniz et al. using ring-fused γ-butyrolactone copolymers to
make plastics with lower permeability to water, CO2, and O2
than poly(methyl methacrylate) and achieving barrier proper-
ties similar to those of PET.20,21 Di#culties could come from
finding reliable waste streams that can be used as monomer
sources that do not put additional strain on agricultural
resources.22
Biodegradable composites are an often overlooked method

of expediting degradation. The creation of biodegradable fillers
could o"er significant advantages, because the inclusion of
these additives could expedite the breakdown of macroscopic
plastic pollution. Furthermore, approaching plastic degradation
by using biodegradable fillers is appealing since fillers can be
used in a wide variety of plastics as long as they are miscible in
processing conditions, allowing for the simple and easy
incorporation of additives. An appropriately engineered
additive may also be able to enhance other properties of the
plastic that it is incorporated into. One emerging, promising
option is the addition of starch, but the e#cacy in enhancing
degradation of large-scale plastic waste is under scrutiny.23−25

In some reports, starch tends to reduce the mechanical
strength and barrier properties of plastics leading to continued
research into better alternatives.26 It should also be noted that
expedited degradation of large-scale microplastic may lead to
an increase in the rate of micro- and nanoplastic production in
the short term. Thus, current options for industrial grade
biodegradable plastic fillers have much room for improvement,
and a tailored filler material may have a great impact on the
prospects of plastic degradation. Biodegradable fillers that can
enhance the strength and impermeability of plastics would be
desirable additives for all plastics and provide a new avenue for
the breakdown of plastic. This uniquely positions upcycled
fillers to be used in conjunction with future advances in plastic
recycling and degradation. Graphene oxide (GO) could be an
ideal basis for such a filler.
GO is the oxidized form of graphite, which is a naturally

abundant carbonaceous material. GO has a plethora of oxygen
functionalities allowing for chemical incorporation and innate
aqueous degradability into humic acid-like compounds.27,28
Additionally, incorporation of GO has been shown to enhance

a variety of physical properties, including mechanical strength
and barrier properties, of admixed plastics that they have been
incorporated into.3,29−32 While these properties make GO an
excellent candidate for a biodegradable composite material for
plastic fillers, the mechanical strength of the resulting
nanocomposites could be further improved through the
covalent grafting of polymers to GO. Polymer-functionalized
GO allows for mechanical entanglement of the composite with
the rest of the polymer matrix, reducing slippage at the
polymer−GO interface and eliminating the need for
surfactants to disperse the additive.33,34 Thus, with these
design principles in mind, we sought to make a plastic-grafted
graphenic material by upcycling plastic waste that could be
used for altering the properties of plastic admixtures. Such a
plastic-grafted graphenic material would serve as a proof of
concept for repurposing waste polymers to create a filler
material with potential to be used in virgin or recycled
polyesters, including many biobased or biodegradable poly-
esters to enhance their mechanical, barrier, or possibly
biodegradation properties. Plastic-grafted GO that meets
these design principles would be a superior option to any
currently available.
The synthesis of an upcycled plastic composite consisting of

poly(ethylene terephthalate) (PET) grafted-onto GO was
conducted by the concurrent depolymerization of waste PET
in the presence of GO. Polyesters, such as PET, can undergo
depolymerization or transesterification through hydrolysis,13,35
alcoholysis,36−38 and chemical exchange in a polymer
melt8,39,40 typically with the aid of a catalyst.14,36,41 We
chose a simple alcoholysis using a bulky alcohol since it
typically produces longer oligomers rather than favoring
complete depolymerization. In the presence of the alcohol
and carboxylic acid groups on GO, acyl substitutions can occur
between the PET oligomers and GO. Here, we use “dynamic
depolymerization” to depolymerize waste polymers in the
presence of GO to achieve covalent attachment and create a
repurposed value-added composite material that could serve as
a filler for enhancing PET plastic admixtures. We also
demonstrate the oxidization and water uptake of the PET-
GO composites in aqueous conditions over time, with higher
plastic content composites demonstrating greater resistance to
chemical change.

■ RESULTS AND DISCUSSION
Synthesis. Dynamic depolymerization of PET onto GO

was achieved using a bulky alcohol which serves as a
transesterification reagent.13 Other alcohols, such as ethylene
glycol and cresols have been observed to break down PET
through alcoholysis.42,43 2-Ethly-1-hexanol was chosen for its

Figure 1. Schematic of the PET-GO attachment process in which GO and PET are covalently attached using 2-ethyl-1-hexanol as a
depolymerization reagent. The depolymerization process produces PET oligomers, which are susceptible to chemical exchange with the oxygen
functional groups on the surface of GO. Di"erent weight ratios of PET to GO were used to prepare these nanocomposites for further testing and
characterization.
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ability to break down PET into oligomers, and m-cresol had
been used as the bulky phenol in earlier attempts with no
success. Varying weight ratios of GO were used to target
composites with a mass composition of 1:1, 3:1, 5:1, and 10:1
PETx-GOy (PET1-GO1, PET3-GO1, PET5-GO1, and PET10-
GO1, respectively), where PET10-GO1 targets the highest PET
incorporation. PET used in these experiments was collected
directly from consumer food package waste. To prepare for the
chemical reaction, PET from clear food-grade packaging was
thoroughly washed with soap and water and mechanically
processed into flakes smaller than 1 cm2.
In a typical dynamic depolymerization experiment, PET

flakes from waste plastic (1.0, 3.0, 5.0, or 0.1 g), GO (0.1 g),
and 2-ethyl-1-hexanol (15 mL) were added to a flame-dried
round-bottom flask, fitted with a reflux condenser, and allowed
to react at 180 °C and left refluxing over 24 h (Figure 1). The
product was a murky, gray suspension which was filtered and
washed with methanol before drying on vacuum overnight. A
more detailed description of the synthetic protocol can be
found in the Supporting Information (SI). Two controls were
prepared in which GO or PET were omitted from the reaction
to prepare a heated and reduced GO sample (GOC) or
depolymerized PET oligomer (PETD), respectively. PETD is
used as a control to account for properties from the PET-GO
materials that may be due to the presence of a PET oligomer.

It is also being used to serve as an approximation for end-of-life
recycled PET.

Characterization. Fourier Transform Infrared (FTIR)
Spectroscopy. The chemical composition of the prepared
PET-GO composite materials was first characterized by using
FTIR to observe the chemical bonds present. Neat PET is
characterized by a CO ester stretch appearing at 1720 cm−1.
PETD shows similar stretching modes with a minor increase in
the C−H stretch region of ∼2900−3000 cm−1 and a new peak
at 1340 cm−1 which is being attributed to a new aromatic ester
C−O stretching mode from the alcoholysis. When PET-GO is
prepared, this characteristic PET peak appears at 1717 cm−1

which is indicative of PET present with the GO sheet.
Similarly, the aromatic ester peak exhibited by esters at 1254
cm−1 is present in the PET-GO materials. The intensity of
both peaks increases with increasing incorporation of PET,
with PET10-GO1 including the highest amount of PET and
correspondingly the most intense ester peaks (Figure 2a).
Most indicative of increasing PET content is that these
characteristic PET peaks increase relative to a GOC character-
istic CC stretching mode, at 1554 cm−1 in the higher weight
ratio PET-GOs. Interestingly, the broad O−H stretching peak
in the 3500−3000 cm−1 region is present at lower weight ratios
of PET to GO but nearly disappears by the PET3-GO1 ratio,
suggesting that at higher weight ratios, nearly all of the

Figure 2. (a) FTIR of PET-GO materials and controls show loss of alcohol stretch from covalent attachment and increasing carbonyl stretching
modes. (b) Thermograms, char weights, and onset temperatures for PET-GO materials and controls, including an admixed control, demonstrating
shifts in thermal properties depending on PET content. (c) XRD of PET-GO weight ratios shows a unique 2 θ peak that is present as more PET is
added to the reaction. This unique peak is not observed in a control admixture. d-Spacings of major peaks: 7.71, 5.51, 5.04, 3.96, 3.40, 2.74, and
2.13. (d) SEM of PET-GO materials. (e) Samples of deconvoluted C 1s high-resolution XPS scans with averaged atomic percent values from 3 spot
scans displayed. (f) XPS survey scans showing the ratio of carbon to oxygen based on atomic %.
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carboxylic acid or alcohol functional groups on GO that are
not being thermally reduced are reacting with PET oligomer
on the GO.
Thermogravimetric Analysis (TGA). Increasing amounts of

covalently bound PET were further corroborated by shifts in
the material onset temperatures and char weights in TGA
(Figure 2b). Thermograms confirmed that increased polymer
content was achieved by increasing the amount of PET in the
reaction, with PET10-GO1 having the lowest char weight at
28.2% and an onset temperature of 397.4 °C, which are the
closest to those of waste PET. The char weights of GOC,
PET1-GO1, PET3-GO1, PET5-GO1, PET10-GO1, and PET are
62.11, 60.13, 49.45, 51.40, 28.18, and 11.86 mass percent,
respectively. These char weights can be used to estimate the
loading e#ciency of the PET-GO reaction for each PET-GO
composite by using the char weights of PETD and GOC, the
component parts of PET-GO. These estimates showed that
PET10-GO1, PET5-GO1, PET3-GO1, and PET1-GO1 contained
62.04, 19.57, 23.16, and 3.62% PETD by mass, respectively
(SI, page S27). Thus, PET-GOs have attachment e#ciencies of
approximately 16.3, 4.9, 10.0, and 3.8% of the added PET for
PET10-GO1, PET5-GO1, PET3-GO1, and PET1-GO1, respec-
tively. While this is not a large portion of the overall plastic
used, we still are able to get a high degree of functionalization
through this method. One could easily imagine sequestering
the remaining mass of PET for other purposes.
The higher onset temperatures of PET-GOs, when

compared to GOC, suggest PET attachment to the more facile
GO leaving groups, causing them to become more thermally
stable. Onset temperatures for GOC, PET1-GO1, PET3-GO1,
PET5-GO1, PET10-GO1, and PET are 208, 231, 329, 346, 397,
and 416 °C, respectively. Additionally, when a PET10-GO1
sample was heated in nitrobenzene at 180 °C for 1 h and
filtered hot to remove any noncovalently bound PET oligomer,
the change in onset temperature and char weight of the sample
before and after the wash was negligible, indicating successful
covalent attachment (Figure S16). If any noncovalently bound
polymer was present, it would have been washed away and a
significant change in TGA char weight would have been seen.
Di!erential Scanning Calorimetry (DSC). Melting point

(Tm) and glass transition temperature (Tg) assessments were
performed on a representative set of PET, PETD, PET10-GO1,
PET1-GO1, and the noncovalently mixed PETD and GOC
(Figures S23 and S24). Glass transition temperatures, typically
seen around 80−90 °C for PET, were largely suppressed in all
materials, which is typical of polymer-grafted materials. The
suppression of the Tg in the PET waste can be attributed to
additives commonly used to prevent plastic deformation in
commercial sources of PET. The melting point isotherm
indicative of PET reduced from 246 °C for the noncovalent
mixture, to 239 and 240 °C for PET10-GO1 and PET1-GO1,
respectively. The reduced melting point in the PET-GO
materials could be an indicator of covalent attachment since
covalently bound PET oligomers would inevitably exhibit
di"erent molecular dynamics than free polymers.
X-ray Di!raction (XRD). The emergence of a new 2θ peak

in the XRD spectra of all of the PET-GO materials
demonstrates a change in interlayer spacing, found using
Bragg’s Law, that is not present in noncovalent mixed controls
(Figure 2c). The new peak at 11.9° is indicative of an interlayer
d-spacing of around 7.4 Å. While a similar signal is typical of
GO at interlayer d-spacing of GO, at 6.8 Å (2θ of 12.9°), this
interlayer spacing is lost due to the intense heating of the

reaction conditions.44 Typically, when thermally reduced, the
interlayer spacing of GO shrinks to 3.9 Å (2θ = 22.7°) due to
loss of chemical functionalities. Thus, the fact that this signal at
11.9° in the PET-GO materials is present rather than lost to
reduction suggests covalent attachment of oligomeric chains.45

Scanning Electron Microscopy (SEM). The covalent
attachment of PET to GO was further supported by SEM
images of PET-GO materials (Figure 2d). Electrically
insulating materials, like PET, will charge when subject to
the secondary electrons of the SEM which produces lower
contrast in areas of the image that are more insulating.46 Thus,
as the PET content was increased from GOC to PET10-GO1
there is a trend toward darker contrast. Furthermore, the
noncovalent control of dry-mixed PETD and GOC shows that
there are still areas of brighter contrast expected of a highly
conductive reduced graphenic basal plane; none of these bright
spots are visible in the covalently attached PET10-GO1
demonstrating a more homogeneous surface due to direct
covalent attachment. Altogether, PET-GO exhibits a more
homogeneous surface chemistry than the noncovalent mixture
suggesting attachment.

X-ray Photoelectron Spectroscopy (XPS). PET content and
the nature of the covalent attachment were investigated by
survey and high-resolution XPS scans. Survey scans of the
various PET-GO materials shows that higher PET-to-GO
weight ratios have a higher atomic percent oxygen with PET10-
GO1 having 25.4% O compared to GOC with 13.5% O (Figure
2e). Additionally, the C and O contents of neat PET waste and
depolymerized PET oligomer were similar to very little change
in chemical composition due to the depolymerization process.
This suggests oligomer formation rather than complete
degradation into monomeric units, which would have an
expected C:O ratio of 6 rather than 2.5 (calculations in the SI).
High-resolution C 1s scans of the PET-GO materials

demonstrate an increase in the relative amount of ester and
ether groups with an increase in PET content (Figure 2f). This
increase is in good agreement with greater PET content seen in
FTIR and TGA. When compared to a noncovalent control
(Figure S20), which was prepared by dry mixing depoly-
merized PETD plasticizer with GOC in a 10 to 1 weight ratio,
PET10-GO1 has a 12.5% increase in the number of ester
functional groups present. High-resolution scans of the
noncovalent control have greater error than the PET-GO
samples, an indication that it has a less homogeneous
composition compared to the covalent attachment methods.

Dynamic Light Scattering (DLS). PET and PETD polymer
length was estimated using DLS to predict the polymer length.
This was the method of choice due to the ability to use TFA as
the solvent system, which dissolves PET at room temperature.
PET was estimated to have an average molecular weight of
178.3 kDa that would be approximately 929 repeat units long.
PETD was found to have an average molecular weight of 16.1
kDa that would be approximately 84 repeat units long, a nearly
11-fold decrease in size. This suggests that 16.1 kDa is the
average molecular weight of PET oligomers attached to PET-
GO materials.
A representative set of PET10-GO1, GOC, and noncovalently

mixed PETD and GOC were dispersed in TFA and analyzed
for their Z-average size. GOC and the noncovalent mixture
exhibited similar Z-average sizes of 5131 and 5605 nm,
demonstrating the minimal e"ect that PET adsorbed to the
graphenic basal plane has on the particle size. Interestingly, the
PET-grafted GOs demonstrated much larger particle sizes in
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DLS of 17310, 4154, 5909, and 2696 nm for PET10-GO1,
PET5-GO1, PET3-GO1, and PET1-GO1, respectively (Chart
S1). This increase in particle size with greater PET attachment
is further evidence of the covalent grafting of PET to GO. The
standard deviations in particle size for PET5-GO1 and PET3-
GO1 overlap, so size estimates are not statistically significant.
Interestingly, PET1-GO1 has a smaller particle size than the
GOC-based controls, the authors attribute this decrease in size
to the improved dispersibility of PET1-GO1 in TFA while
having a relatively low PET grafting amount that does not
appreciably increase flake size.
Proposed Mechanism of Dynamic Depolymerization. We

predict that the dynamic depolymerization of PET onto GO
proceeds in the following manner (Figure 3). (1) Initially,
graphene oxide begins to be thermally reduced at the high
reaction temperatures, while 2-ethyl-1-hexanol reacts with
carboxylic acid functionalities on GO to form esters, leaving
primarily alcohol containing functional groups on the surface
of GO. (2) PET backbone is broken down into PET oligomers
by the bulky alcohol starting from the surface of the flakes,
forming longer plastic chains. PET oligomers continue to
depolymerize in solution. (3) Transfer occurs between
alcohols on the surface of GO and free PET oligomers
through transesterification, leading to covalent grafting of PET
onto GO. (4) If the reaction is allowed to proceed, covalently
attached PET chains can continue to depolymerize slowly until
the temperature is reduced and the reaction is stopped.

(1) The mechanism of this dynamic depolymerization
reaction was hypothesized based on evidence from
FTIR, TGA, and XPS of the PET-GOs and their
controls. In the control where GO and 2-ethyl-1-hexanol
were refluxed at 180 °C, GO was thermally reduced over
the course of the reaction based on XPS elemental
analysis (Figure 2d). Alcohols were the main oxygen-
containing functional group remaining after thermal
reduction based on high-resolution C 1s XPS
deconvolution. A fair number of carboxylic acid/ester
groups also remained which were likely carboxylic acid
functional groups that were esterified by 2-ethyl-1-
hexanol, as suggested by FTIR. FTIR corroborates this
claim as a new C−H stretching mode at ∼2900−3000
cm−1 attributed to the aliphatic portion of 2-ethyl-1-
hexanol appear (Figure 2a).

(2) PET flakes began the reaction as a heterogeneous
suspension. Throughout the course of the reaction, these

flakes were observed to turn from clear to opaque on the
surface and would slowly shrink as the reaction
progressed. This is in accordance with observations
found in the literature.47,48 This allows us to hypothesize
that PET oligomers were likely formed by breaking
down polymer chains on the surface of the waste. It is
these PET oligomers that are released from the surface
of flakes that are free in solution to react on the surface
of GO to form covalent bonds through chemical
exchange. These bonds are likely formed through the
alcohol functional groups on GO since they are the only
nucleophile available that can undergo transesterification
reactions with PET oligomers.

(3) Successful grafting of PET oligomers onto GO was
established by FTIR, TGA, XPS, XRD, and SEM in the
above characterization sections. For GO to interact with
the PET oligomers, they would have to be free floating
in the reaction mixture with each other.

(4) After 12 h of reaction, a maximum PET functionalization
and length were achieved. To determine this, we ran
several time trials for each weight ratio and analyzed the
resulting powders via FTIR and TGA. By 3 and 6 h of
reaction time, significant amounts of solid PET flakes
were still present in the reaction mixture. As the reaction
progressed through 12, 18, and 24 h for each weight
ratio, the PET content decreased. This was demon-
strated by the TGA onset temperature decreases and an
increase in the char weight (Figure S2). Thus, as the
reaction proceeded after all of the PET flakes were
consumed, the thermal properties of the PET-GO
materials began to shift to more closely resemble those
of GOC, suggesting that either PET chains were being
cleaved from the GO basal plane or the grafted oligomer
chains were shortening as the reaction proceeded.

Shortening of the polymer chains attached to GO was
determined to be the pathway for PET reduction. Cleaving the
entire polymer chain would involve the transesterification of
ester at the GO PET interface, thus creating alcohol groups on
the GO basal plane. Because FTIR of these materials shows
that the intensity of the O−H stretching mode tended to
decrease as the reaction progressed from 12 to 24 h cleavage at
the site of polymer conjugation is not likely (Figure S1).
Additionally, FTIR revealed that PET chain shortening was
occurring, as seen by the gradual decrease in the intensity of
the ester stretching mode at 1722 cm−1.

Figure 3. Hypothesized mechanism of dynamic depolymerization of PET onto GO through transesterification between oligomers and chemical
functional handles on the surface of GO.
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Material Properties. Water Permeability Studies. Water
impermeability is necessary for many plastic packaging
applications as water vapor can often negatively a"ect the
product. Plastic permeability is only going to become more
important as hydrophilic biodegradable plastics begin to see
popular use. Graphenic materials have been used as fillers and
coatings to reduce the permeability of gas and water vapor in
plastic composites due to their planar two-dimensional (2D)
structure and impermeability to small molecules.29
To assess the permeability of the bulk PET-GO composites

to water vapor, hot-pressed pellets were tested by analyzing
mass loss from a closed system due to water evaporation. Hot-

pressed pellets were prepared as described in the “PET-GO
pellet processing” section of SI page S5. Inspired by other
experimental set-ups,49,50 hot-pressed pellets of controls or
upcycled PET-GO materials were inserted into centrifuge tube
lids and placed on centrifuge tubes filled with ∼20 mL of
deionized (DI) water (Figure 4a). The tubes were sealed with
parafilm and weighed for water mass loss from evaporation
over a period of 8 weeks to map the relative permeability of
each material (more information in the SI).
PET-GO materials were less permeable to water vapor than

depolymerized PET (PETD) pellets over an 8-week period,
except for PET5-GO1 (Figure 4a). Notably, both PET1-GO1

Figure 4. (a) Water vapor and (b) direct water contact permeability through hot-pressed pellets of PET-GO materials and controls, respectively.

Figure 5. Hot-pressed pellets of composite materials sonicated under acidic, neutral, and alkaline conditions using a bath sonicator for up to 2 days.
Higher graphenic content in pellets showed more visible surface damage in materials except in alkaline conditions. * indicates damage caused to
PET10-GO1 sonicating in DI water for 48 h by mechanical sources.
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and PET10-GO1 had low vapor permeability close to that of the
GOC, with average net water mass losses of 0.348 mg and
0.379 mg per mm2 of cross-sectional pellet area, respectively,
over the 8-week period, suggesting these materials as good
candidates for future permeability testing in plastic films.
An alternative permeability setup was also designed in which

water was in direct contact with the pellet surface using a
reservoir filled with DI water on the outside of the tube (Figure
4b). In these water contact experiments, di"used moisture was
captured using CaCl2 desiccant in a sealed vial, and mass gain
was tracked over 8 weeks. Interestingly, the permeability trend
observed in the water contact setup appears to be roughly the
inverse of that seen in the water vapor di"usion tests (Figure
4b). These paradoxical results can be explained by the physical
dimensions and relative hydrophilicity of graphenic materials.
The large two-dimensional structure of graphenic materials
and high surface area creates a more tortuous path for gaseous
molecules, in this case, water vapor, making it more
impermeable than many other materials.31 Since GO-based
materials also have oxygen-containing functional groups, it is

also relatively hydrophilic which aids in channeling water when
in full contact with the graphenic material and has been
observed to aid in promoting capillary action when wetted.51,52
In general, the PET-GO materials were more permeable than
the PETD control, with GOC and PET3-GO1 consistently
exhibiting the most water mass gain of any pellet tested.
PET10-GO1 showed a similar permeability to the lower PET
content materials by the end of the 8 weeks but was generally
less water-permeable until week 6.
This suggests not only that these graphenic materials are less

permeable to water vapor than the oligomeric control but also
that they are more susceptible to environmental degradation
upon disposal. These bulk PET-GO properties suggest that
future work using these materials as a filler as they relate to
permeability should focus on PET1-GO1 or PET10-GO1 since
these were generally less vapor permeable while still being
highly water-absorbent. This combination of properties is ideal
for single-use packaging applications. In these applications,
water vapor will not permeate through packaging, keeping food
fresh. However, upon disposal, enhanced water permeation in

Figure 6. (a) Averaged XPS survey scans for pellets of PET-GO materials aged in air, simulated ocean water, or simulated acid rain. The largest
changes were observed in the oxidation of GOC and PET1-GO1 which were highly oxidized in the simulated ocean water, whereas PET-GOs with a
higher PET content were shielded from the bulk of the oxidation. (b) Sample XPS high-resolution scans from the GOC control and PET5-GO1
demonstrating the major chemical alterations from aqueous conditions over time caused by PET cleavage and GO oxidation. (c) Mechanical tests
performed after pellet manufacturing and prior to aging. Little variation was observed in the pellet’s mechanical properties over the 12-week period,
suggesting a maintenance of good properties for the lifespan of packaging applications (Figures S4−S9).
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aqueous conditions may potentially allow for expedited
degradation.
Ultrasonic Degradation Study. Bath sonication has

previously been used to approximate long-term mechanical
weathering.28 Thus, to assess the relative long-term stability of
each composite material, an expedited degradation experiment
using bath ultrasonication was devised. Acidic, neutral, and
alkaline aqueous conditions were used over a period of 2 days
to simulate various pH values associated with acid rain, neutral
water, and ocean water. The integrity of each pellet was
assessed visually by SEM (Figure 5). The controls did not
change after being left in air for the 2-day period. For the
ultrasonicated pellets, the lower PET content PET-GOs,
namely, GOC PET1-GO1, appeared to have more superficial
damage. This trend was apparent for the acidic and neutral pH
conditions but less so for the alkaline conditions. This
enhanced stability of higher-PET-ratio PET-GOs was likely
due to the improved surface interactions due to the polymer’s
ability to entangle or possibly indicative of annealing due to the
hot-pressing process.8 It should also be noted that when this
test was conducted with PETD pellets, all of the pellets lost
shape and degraded into free floating plastic flakes and
insoluble plastic residue, highlighting the relative stability of
PET-GO materials exposed to mechanical weathering.
Degradation. To assess the long-term degradation, pellets

of the graphenic materials were soaked in simulated ocean
water and acid rainwater over 12 weeks and compared to
pellets left standing in air.53,54 Pellets were dried and weighed,
and the mechanical properties were tested in shear and
compression. Pellets gained mass in all aqueous media in the
first week after soaking, suggesting rapid water absorption by
PET-GO materials (Figure S15). Absorption was greatest in
PET1-GO1 and the lower PET-GO weight ratios, which is in
good agreement with the relative hydrophilicity observed in
the water contact permeability tests. After the first week, low
PET content materials (PET1-GO1, PET3-GO1) fluctuated
between losing and gaining mass, suggesting that degradation
occurs through cycles of water absorption and decomposition,
while the higher-PET-content materials (PET5-GO1, PET10-
GO1) showed less initial absorption and the weight remained
relatively consistent, suggesting higher hydrophobicity.
Mechanical Properties. The bulk mechanical properties of

the PET-GO pellets were assessed in terms of shear and
compression. High shear and compressive moduli are
important characteristics of viable filler materials, and bulk
mechanical properties are suggestive of admixture properties.55
Overall, PET-GO materials showed good mechanical proper-
ties, comparable to those of GO (Figure 6c). Because grafted
PET enhances miscibility in polymer mixtures, this should
allow for better integration of the filler material.56 Additionally,
there is precedent for polymer-grafted graphenic materials
enhancing mechanical properties as a filler across a variety of
polymers including PET.33,34,−59 This suggests that these
upcycled PET-GO composites are excellent candidates for
fillers in consumable plastics.
Changes in the mechanical properties of the bulk pellets

were used to help assess the breakdown of the bulk constructs
over time in aqueous conditions. The mechanical properties of
the pelleted materials were assessed weekly for the first 12
weeks of the pellet degradation experiments to identify trends
in mechanical breakdown of the material (Figures S4−S9). It is
worth noting that the PETD control pellets were very fragile,
with most of them, including the dry control, shattering during

handling as opposed to the more robust graphenic pellets,
which remained intact. There is no significant di"erence in
compressive or shear moduli between the control and
degraded pellets over time.

XPS of Degraded Pellets. To better understand the
chemical changes occurring after aging, PET-GO pellets were
characterized via XPS prior to and at the conclusion of the 12-
week degradation study. Survey scans of the carbon and
oxygen contents of the control pellets showed minimal change
in the carbon and oxygen contents of the surface of the pellet
over time. Small changes in the surface chemistry of the
control pellets may be attributed to handling over the 12-week
experiment. GOC and PET1-GO1 pellets left soaking in
simulated acid rain and ocean water exhibited much more
drastic changes to their surface composition, with a net oxygen
gain of 5.8 and 5.9% in acidic conditions and 26.9 and 13.0% in
ocean water, respectively. In both types of aqueous media,
GOC and PET1-GO1 were greatly oxidized demonstrating the
lower chemical resistance of the graphenic basal planes that do
not have a su#ciently protected plastic-covered surface (Figure
6a). The greater oxygen content at the surface can be
attributed to oxidation of the sample surface rather than loss of
carbon in the bulk sample, since any weathering would cause
exposure of the underlying bulk material, resulting in a C/O
ratio more chemically similar to the regular bulk material.60,61
Furthermore, the degree of oxidation for these materials was
greater in the simulated ocean water, which is to be expected in
the more alkaline conditions since the GO basal plane is
expected to degrade in the presence of hydroxyl ions.27 PET3-
GO1, PET5-GO1, and PET10-GO1 did not exhibit a large
change in the overall oxygen content; however, high-resolution
C 1s spectra deconvolution reveals alterations in the type of
oxygen-containing functional groups left on the surface.
Simulated ocean water decreased the amount of carbonyl-

based carbon species present, with the exceptions of GOC and
PET3-GO1 (Figure 6b). Likewise, simulated acid rainwater
similarly decreased the carbonyl content with the exception of
PET10-GO1. This loss of carbonyl groups along with a
tendency for the higher PET-to-GO weight ratio materials to
have a loss of alcohol functional groups suggests that acid- and
base-catalyzed hydrolysis mechanisms are both causing the
degradation of the PET chains on these grafted materials
consistent with literature depolymerizations.37,38,62 GOC
served as a control to allow for the observation of chemical
changes in the graphenic basal plane throughout aqueous
degradation. In the GOC samples, the mechanism of
degradation of the graphenic portion can be observed. For
GOC in simulated ocean water, there was a significant increase
in the number of alcohol and carbonyl groups on the surface of
the materials, suggesting that hydroxide ions react with GO
and oxidize the surface. GOC in simulated acid rain had a loss
of carbonyl groups but an increase in the relative number of
alcohols. Thus, in acidic conditions, water can interact with the
graphenic basal plane to form alcohol functionalities. Both of
these are consistent with previous models for the degradation
of graphenic materials in aqueous conditions.27

■ CONCLUSIONS
This paper reports a novel method to graft waste polymers to a
substrate through a depolymerization process in a simple one-
pot reaction. Successful covalent attachment of PET oligomers
to GO has been achieved through a dynamic depolymerization
procedure that produces a value-added composite from
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upcycled plastic waste. This one-pot grafting-onto process was
performed by depolymerizing waste PET in the presence of
GO to promote transesterification between the depolymerized
oligomer and GO functional groups. Increasing PET content
and covalent attachment was verified by FTIR, TGA, XPS,
XRD, and SEM. Additionally, FTIR suggests that saturation of
GO reactive sites likely occurs at a weight ratio between PET1-
GO1 and PET3-GO1.
PET-GO materials exhibited lower water vapor permeability

than the recycled PET control but an increase in permeability
when in direct contact with water. This suggests that PET-GO
could be an ideal material for disposable food packaging by
keeping water vapor out when packaged and accelerating
breakdown in aqueous environments upon disposal. PET-GO
composite mechanical properties remained consistent with GO
suggesting good mechanical properties.
This technique could provide an avenue to produce

inexpensive polymer-functionalized materials by using waste
plastic and depolymerization catalysts. Immediate next steps
include testing the capabilities of this composite as a filler
incorporated in plastic films for packaging applications and
analyzing any changes in biodegradability based on the
composite amount and content. Alternative carbonaceous
substrates that can be oxidized, such as activated charcoal,63
could be tested to expand the scope of this chemistry.
Furthermore, the scope of depolymerization reactions can be
expanded to include more plastic waste types from other
condensation polymers, such as polyurethanes and polyamides.
For example, with PET-GO, we have already attempted the
simple heating of PET in the presence of GO using hot
nitrobenzene as the solvent with some success of attachment.
A PET10-GO1 sample prepared using hot nitrobenzene in this
way produced a TGA char weight of 23.2% which would
indicate an improved PET loading content compared to that
observed with 2-ethyl-1-hexanol; however, we decided to use
2-ethyl-1-hexanol due to its relative toxicity, cost, and its
previous use as a depolymerization agent (Figure S18). This
technique may renew interest in less e#cient depolymerization
methods, as depolymerizations that generate oligomers rather
than monomers would allow for longer grafted polymer chains.
Dynamic depolymerization o"ers a method for producing
value-added materials from waste and presents an exciting new
alternative to traditional recycling.
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