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ABSTRACT: In this work, an approach to upcycling plastic
waste (PW) products is presented. The method relies on flash
Joule heating (FJH) to convert PW into flash graphene (FG). In
addition to FG, the process results in the formation of carbon
oligomers, hydrogen, and light hydrocarbons. In order to make
high-quality graphene, a sequential alternating current (AC)
and direct current (DC) flash is used. The FJH process requires
no catalyst and works for PW mixtures, which makes the
process suitable for handling landfill PW. The energy required
to convert PW to FG is ∼23 kJ/g or ∼$125 in electricity per ton
of PW, potentially making this process economically attractive for scale-up. The FG was characterized by Raman spectroscopy
and had an I2D/IG peak ratio up to 6 with a low-intensity D band. Moreover, transmission electron microscopy and X-ray
diffraction analysis show that the FG is turbostratic with an interlayer spacing of 3.45 Å. The large interlayer spacing will
facilitate its dispersion in liquids and composites. Analysis of FG dispersions in 1% Pluronic aqueous solution shows that
concentrations up to 1.2 mg/mL can be achieved. The carbon oligomers that distilled from the process were characterized by
Fourier transform infrared spectroscopy and have chemical structures similar to the starting PW. Initial analysis of gas-phase
products shows the formation of considerable amounts of hydrogen along with other light hydrocarbons. As graphene is
naturally occurring and shows a low toxicity profile, this could be an environmentally beneficial method to upcycle PW.
KEYWORDS: plastic waste, microplastics, recycling, upcycling, graphene, composites

Plastic waste (PW) pollution is becoming one of the
most pressing environmental concerns in the 21st
century.1 A large fraction of PW ends up in landfills and

the ocean, leading to the formation of micro- and nanoplastics
that threaten marine life,2 microorganisms,3,4 useful bacteria,3

and humans.5,6 In addition, plastics production from
petrochemicals has a high carbon footprint.7 Crude oil must
be extracted, distilled, refined, and purified to form
petrochemical feedstocks that are further processed to produce
plastic in complex and energy-intensive facilities that emit a
large amount of greenhouse gases.8 Additional greenhouse
gases are emitted during the shaping of plastic for use and
when transporting to customers. After this intense carbon
footprint process, most of the synthesized plastic is used only
once before dumping into overstressed landfills or waterways
that terminate in oceans.7 Thus, upcycling PW to higher value
materials and chemicals is environmentally and economically
advantageous.
To reduce the amount of PW, much effort has been directed

toward physical recycling, in which the plastic is detergent-
washed multiple times and reshaped for reuse. However,
physical recycling has major drawbacks including the need for
human-labor-intensive sorting of plastics prior to milling,
grinding, and sterilizing.9−11 Another route for PW handling is

chemical recycling, where PW is pyrolyzed in an inert
atmosphere, sometimes in the presence of a catalyst,
decomposing the plastic into smaller molecules and oils.12−15

Moreover, PW pyrolysis involves heating large reactors up to
500−600 °C,15 consuming sizable amounts of energy while
making chemical formation expensive with a large carbon
footprint.16 Another drawback of chemical recycling is the
poisoning of the catalyst during the pyrolysis process due to
the presence of contaminants in PW, such as additives and
plasticizer. For this reason, PW must be pretreated to extract
inorganic additives prior to chemical recycling to avoid catalyst
poising. To date, most reported recycling technologies are not
cost-effective, and thus only 9% of all produced plastic has
been recycled.17,18 Therefore, greener recycling or upcycling
technologies are sought, with the latter occurring when the
products attain a higher value than the starting plastic.
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This work describes an alternative approach to chemical and
physical recycling when dealing with PW, and it is based upon
our recently developed direct current (DC) flash Joule heating
(DC-FJH) method (Figure S1) to convert carbon sources into
graphene, with the process forming what is called flash
graphene.19 The technology relies on electricity to induce FJH
in PW. This drives the carbon source to high temperatures in a
short time period. The work here shows that alternating
current (AC) flash Joule heating (AC-FJH) (Figure S2) is
advantageous over DC-FJH when dealing with PW because it
can be sustained for seconds, 8 s in this case. This permits the
release of the necessary volatiles, producing an intermediate
AC flash graphene (AC-FG) with a I2D/IG peak ratio between
1.2 and 0.5 and a high-intensity D band when characterized by
Raman spectroscopy. This process overcomes the need to
pyrolyze the plastic in furnaces, where much of the energy is
lost in the process. Then, upon a single DC-FJH pulse, the

intermediate AC-FG is converted to very high-quality
turbostratic FG (tFG) with an I2D/IG peak ratio between 1
and 6 and low-intensity D band when characterized by Raman
spectroscopy. This sequential AC and DC (ACDC) flash
process was shown to be effective for upcycling both single-
stream thermoplastics and PW mixtures. Given the high
stability of graphene to typical microbial,20,21 chemical,22 and
thermal degradation,23 this technology offers a method for
converting PW into a stable and naturally occurring form of
carbon that has low toxicity.24,25 Agglomerates of graphene are
the natural mineral graphite.

RESULTS AND DISCUSSION

PW was ground using a commercial grinder and mixed with 5
wt % carbon black (CB) to obtain a conductive mixture. The
CB can be substituted with 5 wt % FG from a former run. The
plastic powder was packed in a quartz tube between two

Figure 1. (a) Schematic of the 120 V AC circuit. (b) AC-FG yield from HDPE with 2 mm, 1 mm, and 40 μm particle size with 5 wt % CB at
an initial resistivity of 125 Ω. Samples of particle size >2 mm did not flash with 5% CB. The error bars are standard deviation over three
sample runs. (c) Effect of initial resistivity of the HDPE/CB mixture on AC-FG yield. The resistivity is lowered through the application of
increased compression (screw vice) between the two electrodes. The error bars on the graph are standard deviation over three sample runs.
(d) Typical AC-FG yields from different plastics when the initial resistance is 120 Ω. The error bars are standard deviation over three sample
runs. (e) Pictures of (left to right) postconsumer plastic as received from a recycler; after cutting using a commercial cutter; after mixing
with 5 wt % CB; and further conversion to FG using AC-FJH.
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copper electrodes and was treated with AC-FJH (120 V, 60
Hz) for 8 s. An outline of the AC-FJH circuit is shown in
Figure 1a. Pictures and electrical schematic of the AC-FJH
equipment are in Figure S2. During the AC-FJH, the
conductive PW sample releases carbon oligomers and volatiles,
while FG is formed between the copper electrodes. The
electrodes can also be made from graphite or other conductive
refractory materials. There is ∼0.5 mm of space between the
electrodes and the quartz sidewall, allowing for the volatiles to
escape from the quartz tube. All flashing procedures must take
place inside an evacuated closed chamber for safety (see safety
notes in the Supporting Information). FG obtained from the
AC-FJH process is termed AC-FG. Plastic powders with
different particle sizes were used to find that a powder with
grain size between 1 and 2 mm gives the highest yield of AC-
FG when 5% CB is used. Plastic powders with a grain size
larger than 2 mm are not conductive enough to react when
mixed with 5 wt % CB, whereas powders with a grain size
smaller than 50 μm tend to escape from the quartz tube, with
its loose fitting electrodes, during the FJH process, causing a
large drop in the yield of AC-FG. Figure 1b shows the yield of
AC-FG when 2 mm, 1 mm, and 40 μm particles of high-
density polyethylene (HDPE) powders were separately
subjected to AC-FJH to obtain 23, 21, and 10% AC-FG
yield, respectively. Another factor that plays an important role
in the yield of AC-FG is the initial resistivity across the sample;
compressing the plastic powders into the quartz tube lowers

the initial resistivity and increases the FG yield. Figure 1c
shows the yield of AC-FG obtained from flashing HDPE
powder at different initial resistivity derived from different
sample compressions between the two electrodes. AC-FJH was
found to be useful for FG production from different
thermoplastics including polyethylene terephthalate (PET),
HDPE, poly(vinyl chloride) (PVC), low density polyethylene
(LDPE), polypropylene (PP), and polystyrene (PS); the FG
yield varied based on the parent material. As shown in Figure
1d, the yield of AC-FG obtained from different thermoplastics
was found to correlate to the thermal stability of the parent
material; the higher the thermal stability of the plastic, the
higher the FG yield and the less volatile oligomers generated.
Note that the yields were calculated based on the carbon
content of the polymer. Added CB converts to FG upon FJH,
contributing <4% to the total yield. Figure 1e shows large
shreds of postconsumer HDPE plastic from a commercial
recycler (Polywize, Jacksonville, TX), which was then cut using
a commercial cutter, mixed with 5 wt % CB, and finally, after
FJH, converted into AC-FG. Unlike plastic pyrolysis processes,
there is no need for a high-temperature furnace or catalyst. The
AC-FJH process produces an intermediate FG, which is
transformed into high-quality FG by a short DC-FJH pulse
(see below). We tried to flash silica (SiO2) with 5% CB, but
the mixture was not conductive enough to flash. After 25% CB
was added, the material was conductive enough to flash but did

Figure 2. Characteristic Raman spectra of (a) AC-FG and (b) ACDC-tFG. Plastic mixture is 40% HDPE, 20% PP, 20% PET, 10% LDPE, 8%
PS, and 2% PVC. (c) Raman spectrum of highly turbostratic FG observed for ACDC-tFG from PVC, showing the turbostratic FG bands in
the expanded spectrum. (d) Temperature profile of the AC-FJH processes collected using an IR spectrometer and blackbody radiation
fitting.
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not yield graphene. Thus, silica mixed with up to 25% CB does
not produce graphene.
The quality of FG was determined using Raman spectros-

copy. AC-FJH was found to result in the formation of FG with
different I2D/IG peak ratios, as well as different D band
intensities. Figure 2a displays the mean characteristic Raman
spectrum of FG obtained from the AC-FJH pretreatment
process, showing broad 2D and G bands and substantial D
bands. The quality of AC-FG was significantly upgraded using
a single 500 ms DC pulse (see Figure S1 for DC circuit
outline) to obtain high-quality turbostratic FG (tFG) from
many kinds of plastic (Figure 2b). tFG obtained from AC-FJH
followed by DC-FJH is termed ACDC-tFG. Detailed analysis
(Lorentzian fitting) was performed on each of the collected
Raman spectra; fitting data may be found in the Figures S3−
S14. The collected Raman spectra for both AC-FG and
ACDC-tFG have excellent Lorentzian fitting with R2 ≥ 0.98,
indicating the absence of Bernal stacking.26 When character-
izing tFG, the IG/ID peak ratio is an important indicator of the
degree of disorder and the quality of tFG. A higher IG/ID peak
ratio is indicative of a lower degree of disorder and higher tFG
quality.27−29 Figure 2a,b show that the IG/ID peak ratio
increases significantly in ACDC-tFG when compared to AC-
FG. This suggests that the DC-FJH of AC-FG reduce disorder
and result in the formation of high-quality tFG. The formation
of the low D band could also be indicative of the formation of
large sheets with low edge densities and low disorder or from
the formation of zigzag edges that reduce the intensity of the D
band.30 Table 1 lists the position and the full width at half-
maxima (fwhm) of the 2D, G, and D bands of AC-FG and
ACDC-tFG. DC-FJH transforms the quality of AC-FG to
obtain sharp 2D and G bands and low D band intensity when
characterized by Raman spectroscopy. Upon DC-FJH, the 2D
band shifts from 2689 to 2700 cm−1, and the fwhm decreases
from 71 to 27 cm−1, resulting in a sharp 2D band that matches
the data reported for high-quality turbostratic graphene.19,31−33

The G band shifts from 1580 to 1584 cm−1, and the fwhm
decreases from 44 to 16 cm−1, giving a sharp G band. Unlike
typically furnace-grown graphene, the I2D/IG peak ratio is not a
good indicator of the quality of tFG. The I2D/IG peak height
ratio is mainly an indicator of the number of turbostratic
layers34 (see Supporting Information for more information
about assessing the quality of tFG).
High-quality FG is difficult to obtain by direct DC-FJH

treatment of PW without the AC-FJH. AC-FJH is essential for
removing more volatiles from the PW to obtain high-quality
FG (see Figures S15 and S16 for Raman spectra and
thermogravimetric analysis (TGA) of FG obtained when

only DC-FJH was used to make FG from plastics). Figure 2c
shows the Raman spectrum of ACDC-tFG from PVC with I2D/
IG peak ratio equal to 6, in which the TS1 and TS2 bands are
observed that are indicative of the pure turbostratic
morphology of tFG.32 Previous studies show that turbostratic
graphene with some Bernal stacked layers would have a large
M-peak that is not observed in our FG.33 During the AC-FJH
processes, the temperature rises to ∼2900 K, forcing the C−C
bonds to break and rearrange to the more stable graphene.
Most excess energy is released via light radiation, which results
in rapid cooling of the carbon material and a bright flash with
every discharge. The fast cooling rate leads to the random
arrangement of the graphene sheets to obtain tFG. There is
insufficient time to form AB-stacked layers. When the cooling
rate was slowed by trapping the IR and UV emissions inside
the flashing tube, graphene with a broad 2D peak (fwhm of 65
cm−1) and was observed. The peaks did not show good
Lorentzian fitting, indicating the formation of AB-stacked
graphene upon slowing the cooling rate (Figure S17). The
same phenomena is observed with long DC-FJH pulse
durations; longer heating times induce the formation of AB-
stacked graphene.35 Figure 2d shows the temperature profile of
the AC-FJH processes collected via an in-house-built infrared
(IR) spectrometer (spectrometer components are shown in
Figure S18). The collected data were fitted with blackbody
radiation curves to find that the temperature increases to 2900
K during the AC-FJH process. The DC-FJH flash is known to
reach ∼3100 K, which is the temperature required to obtain
high-quality graphene, as shown in previous work.19 Record-
ings of the current passing through the sample during the DC-
FJH process shows that 180 A of electricity passes through the
sample in ∼100 ms discharge time (Figure S19). FJH to such
high temperatures volatilizes non-carbon elements, leaving a
highly pure form of graphene. Note that most elements,
including metals and silicon,36 sublime below 2900 K, whereas
carbon sublimes at ∼3900 K.37 This purification mechanism
obviates the need to remove contaminates, such as plasticizers,
residual food, and even clays, before using FJH to obtain high-
quality FG. For example, PET carbonated beverage bottles
contain ∼10% nanoclay that is added as a gas barrier.38 These
were subjected to AC-FJH, and it was observed that the
nanoclays sublime (possibly after reduction) from the PW
matrix during the FJH process to produce FG (see Figure S20
for TGA of PET before and after FJH). FJH was shown to be
effective for converting PW mixtures to FG, which makes this
process a good choice for eliminating the labor-intensive
sorting steps necessitated by other recycling/reuse processes.

Table 1. Analysis of the 2D, G, and D Bands from the Raman Spectra

2D G D

AC-FG ACDC-tFG AC-FG ACDC-tFG AC-FG ACDC-tFG

plastic
type

position
(cm−1)

fwhm
(cm−1)

position
(cm−1)

fwhm
(cm−1)

position
(cm−1)

fwhm
(cm−1)

position
(cm−1)

fwhm
(cm−1)

position
(cm−1)

fwhm
(cm−1)

position
(cm−1)

fwhm
(cm−1)

PET 2682 63 2701 31 1573 32 1581 18 1342 55 1352 62
HDPE 2686 82 2701 28 1581 53 1581 18 1343 75 1350 35
PVC 2682 64 2700 36 1573 32 1586 13 1342 55 1354 43
LDPE 2686 76 2701 28 1581 52 1581 18 1343 58 1350 35
PP 2686 81 2699 20 1581 53 1581 16 1343 74 1350 60
PS 2694 70 2701 18 1581 46 1582 18 1349 45 1352 62
average 2689 71 2701 27 1580 44 1582 17 1345 67 1351 50
STDV 7 13 1 7 4 11 2 2 4 17 2 13
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X-ray diffraction (XRD) of ACDC-tFG obtained from
different PW products shows two peaks occurring at 26.1
(002) and 45° (001) (Figure S21 has XRD of tFG from
different plastics). Compared to graphite and graphite
nanoplatelets (Figure 3a), both of which have AB-stacked
layers, ACDC-tFG has a (002) peak that occurs at a slightly
lower 2θ with Ic = 3.45 Å, indicating larger interlayer distance
between the ACDC-tFG sheets.19,39,40 The (002) peak of

ACDC-tFG has a tail that extends to low 2θ, which is due to
rotational disorder between the ACDC-tFG layers.41 Figure 3b
shows the TGA of ACDC-tFG from the HDPE with thermal
decomposition commencing at ∼625 °C in air. The high
thermal stability is indicative of the high degree of crystallinity
and low defects of the tFG structure, as defects often lower the
thermal stability of graphene.23 A survey X-ray photoelectron
spectroscopy (XPS) of ACDC-tFG from HDPE shows pure

Figure 3. (a) XRD of ACDC-tFG from HDPE. (b) TGA (air, 15 °C/min) of ACDC-tFG from HDPE and (c) survey XPS scan of ACDC-tFG
from HDPE. (d) High-resolution C 1s XPS spectrum of ACDC-tFG from HDPE.

Figure 4. (a) TEM image of AC-FG from HDPE and (b) particle count of AC-FG (n = 100). (c) TEM image of ACDC-tFG from HDPE and
(d) particle count of ACDC-tFG from HDPE (n = 100).

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c06328
ACS Nano 2020, 14, 15595−15604

15599

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06328/suppl_file/nn0c06328_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06328?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06328?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06328?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06328?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06328?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06328?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06328?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06328?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c06328?ref=pdf


carbon composition without the detectable presence of
heteroatoms (Figure 3c). High-resolution carbon XPS of
ACDC-tFG from HDPE (Figure 3d) shows large C−C/CC
peaks occurring at 284.5 eV. Trace C−O/C−O-C and O−C
O XPS peaks were observed at 286.5 and 288 eV, respectively.
Note that PVC, which has ∼50% chlorine content, formed
high-purity FG upon flashing, without a detectable presence of
chlorine by high-resolution XPS (Figure S22). This indicates
that the FJH method is effective for handling PW that is
otherwise difficult to repurpose. When flashing PVC, hydro-
chloric acid (HCl) is expected to be released during the AC-
FJH process as one of byproducts along with other
hydrocarbons. Similar to conventional chemical recycling,
HCl can separated from other effluents using a lime absorber.9

A TEM image of AC-FG shows highly graphitic sheets
(Figure 4a) with an average size of 16 nm (Figure 4b). AC-FG
comprise an average of four stacked turbostraic layers (Figure
S23). From the TEM images, the spacing between the AC-FG
layers was found to be 3.45 Å (Figure S24). Figure 4c shows a
TEM image of ACDC-tFG with an average sheet size of 27 nm
(Figure 4d), which is larger than that of the AC-FG. This
suggests that following the AC-FJH process with DC-FJH
promotes the lateral growth of the ACDC-tFG sheets. The
increase in sheet size upon DC-FJH agrees with the decrease in
the D band in the Raman spectra because the intensity of the
D band correlates to the surface to edges density; smaller
graphene sheets often have higher D band intensities. DC-FJH
was observed to result in an increase in the number of stacked
FG sheets. TEM images of ACDC-tFG show an average of six
layers (Figure S25) of tFG per sheet with an average interlayer
spacing of 3.45 Å. The interlayer distance calculations from the
TEM images are included in Figure S26. The interlayer

distance from the TEM images agrees with the XRD and
Raman data that support the conclusion of the turbostratic
morphology of ACDC-tFG.
To calculate the energy required to covert mixed PW to FG,

the resistivity across the sample was monitored during the FJH.
The resistivity across the sample was observed to drop with
time, as shown in Figure 5a.
Starting from 1.0 g of mixed PW, with 40% HDPE, 20% PP,

20% PET, 10% LDPE, 8% PS, and 2% PVC, which is 81 wt %
carbon content (the remainder being H, O, and Cl), the mixed
PW forms 0.18 g (22% yield) of intermediate AC-FG with the
remainder being volatilized compounds; some waxes were
isolated from the sidewalls of the quartz tube (see below). The
conversion of the 0.18 g of intermediate AC-FG into high-
quality ACDC-tFJH graphene is nearly quantitative, hence
there is a 22% overall yield of high-quality tFG from mixed PW
following the combination ACDC-FJH protocol. When we
start with 1.0 g of HDPE instead of mixed PW, the yield is 0.23
g (27% yield since HDPE is wt 86% carbon) of high-quality
tFG after ACDC-FJH. We presume that the yield of graphene
can be substantially increased if we build a pressure vessel that
can retain more of the volatile components during the FJH
steps for higher overall conversion.
The energy consumed during the AC-FJH processes is ∼21

kJ/g. The energy required for the DC-FJH is ∼13 kJ/g, but we
are only DC-FJH 0.18 g of the original 1.0 g of mixed plastic.
In total, 23 kJ is required to convert 1.0 g of mixed PW into
0.18 g of high-quality tFG. The energy calculation is shown in
Figure S27. This translates to $124 in electricity cost to
convert 1 ton of PW into 180 kg of high-quality tFG plus
volatiles. This makes the cost of upcycling plastic using this
technology competitive when compared to conventional

Figure 5. (a) Resistivity values and power consumed during the AC-FJH process of HDPE. (b) Bath-sonicated dispersion concentration of
thermally expanded graphite, AC-FG and ACDC-tFG from HDPE and in 1% Pluronic before (initial) and after (final) centrifugation. (c)
Raman spectra of ACDC-tFG (from HDPE) and commercial graphene. (d) Compressive strength cement/AC-FG composites (FG from
HDPE).
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physical and chemical recycling technologies. Currently,
recycling technologies are not economical, which results in
producing recycled plastic that is higher in cost than virgin
plastic. This, in turn, leads to favoring the consumption of
virgin plastic over recycled plastic, increasing plastic pollution
and greenhouse gas emissions (see Table S1 for prices of
recycled and virgin plastics).
Figure 5a gives insight into the mechanism of formation of

tFG. Prior to voltage application in the AC-FJH, we start with
a HDPE and CB mixture with high resistivity (low
conductivity). As we proceed with AC-FJH, the current
flows via the conductive CB generating a large amount of heat
that carbonizes the nonconductive plastic, causing the
resistivity to drop with time, forming carbon-rich AC-FG by
the end of the AC-FJH process. At this point, evident by the
collected Raman spectra in Figure 2a, AC-FG is not fully
graphitized and exhibits a considerable amount of disorder,
indicating that most of the applied energy in the AC-FJH
process is applied toward carbonizing plastics by removing
volatiles rather than graphitizing it. Upon DC-FJH of AC-FG,
the current is uniform across the AC-FG, generating heat that
graphitizes and heals the defects and disorder present in the
AC-FG to obtain high-quality tFG by the end of the ACDC-
FJH process.19,35

The degree of graphene dispersibility is one of the important
parameters that influences the processability of graphene into
composites. Pluronic surfactants are low in price and often
used to make stable aqueous graphene dispersions because of
their hydrophilic tails and hydrophobic cores.42,43 The
dispersibility of FG was studied in 1% aqueous Pluronic F-
127 solution to find that dispersions with concentrations up to
1.2 mg/mL were attainable with AC-FG, as shown in Figure
5b. ACDC-tFG dispersions were lower in concentration than
that of AC-FG, which could be due to the larger sheet size of
ACDC-tFG compared to AC-FG. However, both AC-FG and
ACDC-tFG dispersion concentrations are significantly higher
than many concentrations reported in the literature.42−44 The
ability to achieve FG dispersions with high concentration is
likely due to the turbostratic morphology that makes is easier

to overcome weaker van der Waals interactions between the
FG layers. When working with graphite, exfoliation of the
layers only occurs when the net surface energy of the graphene
and the solvent is greater than the strong van der Waals
interactions between the AB-stacked layers.45 For this reason,
graphene dispersion from graphite usually requires costly
organic solvents and high sonication power, which are not
required for tFG dispersions. Therefore, dispersions made
from graphite had concentrations much lower than those from
tFG, making the utilization of tFG dispersions highly
advantageous (Figure 5b). Second, the results here have not
been industrially optimized and would likely gain by using a
pressure cell have the escaping gases also convert to graphene.
In addition, nanosized tFG particles make it easy to disperse

tFG in the presence of a small amount of surfactant. The
quality of tFG was benchmarked against the quality of
commercial graphene available on the market. tFG was
found to have a significantly better Raman spectrum with a
sharper 2D band and lower D band intensity (Figure 5c). Also,
tFG has dispersibility much better than that of commercial
graphene, indicating that tFG has better processability into
composites than commercial graphene. Given that the 98% of
all graphene supplies are currently offering low-quality
graphene,46 producing tFG from PW on a commercial scale
could potentially elevate the quality of graphene available on
the market and accelerate the transition of graphene-related
technologies from laboratories to large-scale industries. To
demonstrate the usefulness of tFG, Portland cement
composites of tFG derived from HDPE were tested to find
that adding 0.035 wt % of FG from HDPE increases the
compressive strength of Portland cement by 30% (Figure 5d).
This is due to the increased integrity of calcium−silicate
hydrates in cement via addition of tFG.47 Such enhancement
in the compressive strength by adding small fractions of tFG is
difficult to achieve with graphite or carbon fiber. For example,
adding 0.05 wt % graphite to cement, which is almost double
the loading of tFG in our composites, did not result in a
noticeable change in the compressive strength.48 This shows
the advantage of the tFG in large-scale applications where

Figure 6. (a) IR spectra of the plastics before and (b) waxes after AC-FJH.
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small graphene loading translates into significant enhancement
in the physical properties of composites.
The waxy substances formed during the AC-FJH process

were collected and analyzed by Fourier transform infrared
(FTIR) to find that the waxes are oligomers with FTIR
fingerprints similar to the parent plastic with a low degree of
oxidation, as shown in Figure 6. A schematic of the wax trap
setup is shown in Figure S28. These oligomers can be mixed
with petroleum hydrocarbon streams for processing into virgin
plastic or can be used to produce additives for detergent
composites. The yield of oligomers is <10%, indicating that
∼60% of the flashed PW is transformed into gaseous product.
To analyze the composition of the generated gases, a flashing
electrode with a central hole drilled on the electrode face and a
90° turn to permit volatiles to escape was built (Figure S29).
The gases evolved during FJH of HDPE were captured and
collected in a cold trap. An estimate of the effluent
composition was calculated based on the vapor pressures of
the volatile stream at −196 °C; −78 °C (dry ice bath); 23 and
60 °C, indicating that the process affords H2/C1−3/C4−6 in a
5:4:1 pressure ratio (not molar ratio). If a similar amount of H2
remains to be generated upon scaling, then the H2 might be
used in a fuel cell to generate clean supplemental electricity for
the FJH process.

CONCLUSIONS
The ability to use small amounts of electricity to convert PW
to higher value materials moves the world closer toward plastic
neutrality. Using the FJH technology on a large scale to handle
PW could potentially reduce the emissions of greenhouse gases
in cradle to upcycle use of plastics;7,8,18 however, a full life-
cycle analysis remains to be done for the full utility of this
approach. It has been reported that the production of 1 g of
virgin PET requires 38.8 kJ of energy,49 whereas treating PW
using the FJH method will consume only 23 kJ, and this is for
upcycling to tFG rather than merely recycling. Graphene is
known to be a stable from of carbon with an extremely resilient
structure. As with graphite, graphene can be slow in microbial
degradation,20,21 thereby lessening re-entry into the carbon
cycle. Therefore, FJH of PW should be considered as a method
to upcycle PW.

METHODS
Materials. CB (average diameter 10 nm, Black Pearls 2000) was

purchased from Cabot Corporation. Recyclable PW was collected and
separated based on type. The PW products reported in this work
include PET from carbonated beverage bottles, HDPE from milk jugs
or Polywize (Jacksonville, TX), PVC from plumbing pipes, LDPE
from single use plastics bags, PP from disposable straws and food
packaging, and PS from disposable coffee cups. The PW was sanded
or cut using a Shanghai Ke Heng Industrial Co. cutter to obtain
powders with grain sizes 1 to 2 mm. The powdered plastic was then
mixed with 5 wt % CB to obtain a conductive mixture. One could
substitute CB with FG made in a prior reaction. In some cases used
here, HDPE powder with grain size smaller the 50 μm was purchased
as virgin material from Millipore-Sigma.
AC-FJH. Powders were packed between two copper electrodes in

quartz tubes (tube thickness: 2 mm, inner diameter: 8 mm, length: 5
cm). The samples were compressed to obtain a resistivity of 120−125
Ω for 0.5 g of plastic. Alternating current (120 V, 60 Hz) was applied
to the sample for ∼8 s in a vacuum desiccator (∼10 mmHg) to aid
with outgassing. A detailed description of the AC system can be found
in Figure S2.
DC-FJH. DC-FJH was performed on samples after AC-FJH. A

capacitor bank composed of 10 capacitors of 450 V and 60 mF was

charged to 110 V and allowed 500 ms discharge time to obtain high-
quality FG. The description of the DC circuit can be found in Figure
S1.

Characterization. Raman spectra were obtained by excitation
with a 532 nm laser in a Renishaw Raman microscope with a 50×
objective lens. X-ray diffraction was performed using a Rigaku D/Max
Ultima II powder XRD. TGA was performed on a Q50 TGA from TA
Instruments. Transmission electron microscopy images were acquired
using JEOL 2100F field-emission gun TEM at 200 kV. X-ray
photoelectron spectroscopy spectra were collected with a PHI
Quantera SXM scanning X-ray microprobe with a base pressure of
5 × 10−9 Torr. Survey spectra were recorded using 0.5 eV step sizes
with a pass energy of 140 eV. Elemental spectra were recorded using
0.1 eV step sizes with a pass energy of 26 eV. Fourier transform
infrared spectra were collected using a Nicolet 6700 FTIR
spectrometer from Thermo-Scientific equipped with a GoldenGate
accessory.

Dispersion Preparations. FG solutions were prepared at
concentrations from 1 to 10 g·L−1 by suspending FG in 1 wt %
Pluronic F-127 solution and sonicating for 30 min to disperse FG.
After sonication, the dispersions were centrifuged in Beckman Coulter
Allegra X-12 centrifuge equipped with a 19 cm in radius rotor at 1500
rpm (470 rcf) for 30 min to remove aggregates. The supernatant was
diluted 500 times and analyzed via UV−vis (Shimadzu UV-3600
plus). The absorbance was recorded at 660 nm, and an extinction
coefficient of α660 = 6600 L·g−1·m−1 was used to calculate the
concentration of graphene in solution.

Cement Composite Preparation. FG with 1 wt % Pluronic F-
127 was shear mixed in water using a Silverson L5MA shear mixer for
15 min at the speed of 5000 rpm to create a dark dispersion. FG
dispersions were mixed with Portland cement using a dispersion to
cement ratio of 0.40. Next, the slurry was cast in 4.90 × 4.90 × 4.90
cm PTFE cube molds (for compressive strength) and were allowed to
set for 24 h. The compressive strength was measured after 7 days
using a Forney variable frequency drive automatic machine with dual
load cells.
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