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“T: In this work, an approach to u cli astic

PPDDDDDDD%?D(FJI%&’ ]

\Drvlsj\%tg D(ID’WD) Froducts is presented. The method relies on ﬂash ! 5

%ou e hea 1n% IJHD) to convert PW into flash graphene (FG). In 2, N

[Zen)]a)a)s] odoooooooo Y Flash Joule Heat

addlt ion to FG, the process results in the formation of carbon
Li di dl ht hyd b I DDdDDEDDDED
e rogen, and li; rocarbons. In order to make 7
%DDDD’(AZ)DD%(D’C & v

1gh quality graphene, a sequentlal altEanStDl% DClﬂerrS%tD ADC J\\‘M}} 23 kJ/g
and dlrect current (DC) flash is used. The FJH process requires .-
Oo0000QOoO0O0O00o0O00oOodewo
no catalyst and works for PW mxxtures, which makes the
gpwoOOrGOOOOODO23 <

]Erocess suitable for handlln% landfill PW. The energy required
JgD D OPWI1250 00000000000 0000000000000
to convert PW to FG is ~23 kJ/g or ~$125 in electricity per ton
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of PW, potentially making this process economically attractive for scale u&) he FG was characterized by Raman %%ectroscompy
00000000X000000000FGOD0O0000
and had an I,,/I; peak ratio up to 6 with a low-intensity D band. Moreover, transm1551on electron microsc SE and X-r
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diffraction analysis show that the FG is turbostratic with an interlayer spacing of 3.45 A. The large interlayer spacing will
FGO 1%Pluronic 00 00000000 0O0012mg/mLO0O OO
facilitate its dispersion in liquids and composites. Ana Esns of FG dispersions in 1% Pluronic EIREmIG o solutlon shows that
oo gooopooo 0oo00oo0oo0o00oo0ooooonon Wi
concentrations up to 1.2 mg/mL can be achieved. The carbon oligomers that distilled from the process were characterlzed by
000000000000000000
ggléréeurmtlliansform infrared spectroscopy and have chemical structures similar to the starting PW. Initial analysmlsD (D‘)E aDs DthDe
groducts shows the formation of considerable amounts of hydrogen along with other light hydrocarbons. As graphene is
00000000000 0O000dOooPwWOOOODODOODOOOOOOO

naturally occurring and shows a low toxicity profile, this could be an environmentally beneficial method to upcycle PW.
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lastic waste (PW) pollution is becoming one of the chemical recycling, where PW is pyrolyzed in an inert
most presstn§ environmental concerns in the 21st atmosphere, sometimes in the presence of a catalyst,

opwhooooooOoOoOd0o0o00oo0o000oo0noon 1215; 5
Centulj’y A lar%e fractlon of PW ends up in landfills and decomposing the plastic into smaller molecules and oils.
goooooopgoooog opopwoOOOOdOOO00000O0OOS00-600° COOOOO0OOODOODOO0O0OOO
the ocean, leading to the formatlon of micro- and nanoplastlcs Moreover, PW PYTOIYSIS involves heating large reactors up to
3,4 D D oo0000d

that threaten I?EranDeDtheD, g .IDTECDI'%%I" aDnleDnas’D g Duseful. bacterla, 0—600 °C consuming sizable amounts of energy while

and humans. In addition, plastics production from making chemical formation expensive with a large carbon
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etrochemicals has a high carbon footprint.” Crude oil must
J00ooooooogogooooogoopgoodgooooogoooogo
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footprint.  Another drawback of chemical recycling is the
ooooooood

j% jerjtl‘jaﬁ:tjeiﬂj distilled, refine and purified to form poisoning of the catalyst during the pyrolysis process due to
petrochemical feedstocks that are further processed to produce the presence of contaminants in PW, such as additives and
goooooooooogooopwoOOoOpOoOOOOOOOOOOOODOO
plastic in complex and energy- 1ntensx\DreD éaDC%IS%SD chStD SanlDt a plasticizer. For this reason, PW must be pretreated to extract
largje amount of %reenhouse gases. Additional greenhouse uoooon .. . . .
oooooooo inorganic additives prior to chemical recycling to avoid catalyst
gases are emltted during the shap1n§ lastic for use and . 00000000000 0000000000000000009%0000
oogooooooooooog poising. To date, most reported recycling technologies are not
when transporting to customers. After this intense carbon oooon i
pooopoo jp] 000000000 0000000000000000 cost-effective, and thus only 9% of all produced plastic has
footprint process, most of the synthesized plastic is used only Wae0000000000000000000000000
been recycled. Therefore, greener recycling or upcycling
once before dumping into overstressed landfills or waterways 00pogQoooo
EO000PWOOO00O0O00000000000 technologies are sought, with the latter occurring when the
that terminate in oceans.” Thus, upcycling PW to higher value
ooooon . products attain a higher value than the starting plastic.
materials and chemicals is environmentally and economically
advanta@geous
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To reduce the amount of PW, much effort has been directed Received:  July 28, 2020
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toward physical recycling, in which the plastic is deter%ent— Accepted:  October 22, 2020

washed multlgle times and reshaged for reuse. However, Published: October 29, 2020
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physical recycling has major drawbacks including the need for

human-labor-intensive sort1n§ Slastlcs prior to milling,
L RWL O O
grinding, and sterilizing. Another route for PW handling is
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DDD

increased comﬁ)ressu:)n screw vice) between the two electrodes. The error bars on the %ra%h are standard devlatlon over three sample runs.
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Typical A
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fl

runs. ((e) Pictures o
with 5 wt % CB; and further conversion to FG using AC-FJH.

00)0
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elds from different Elastlcs when the initial resistance is 120 Q. The error bars are standard deviation over three sample
00000000 0005w%000000000AC-RHOOOODO0FGO
eft to right) postconsumer plastic as received from a recycler; after cutting using a commercial cutter; after mixing
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This work describes an alternative approach to chemical and
00000(DC-RH)00(0SH)J0000000D00000000000
hysical recycling when dealing with PW, and it is based upon
goooo
our recently developed direct current (DC) flash Joule heating

[Ege |

(DC-FJH) method (Figure S1) to convert carbon sources into

graphene, with the process forming what is called flash
WO 000000PWDODORHD
graphene. The technology relies on electricity to induce FJH
gooooooopooofnoo

in PW. This drives the carbon source to hléh temperatures in a
DDDDDDDDDDDPWD 0oQgOdoogo(AC-FH)

eriod. The wor ere shows t at a ternatlng

(0s2)00000Q000000000000000p00000000

current (AC) flash Joule heating (AC-FJH) (Flgure S2) is

advantageous over DC-FJH when dealing with PW because it
goooooooog
ermits the

short time

can be sustained for seconds, 8 s in this case. This
O00000ACODDOOO00(ACFG) 000000000000 000IIRDAGOOON
release of the necessary volatiles, producing an intermediate
120050 00000000

AC flash graphene AC FG) with a I,,/I; peak ratio between

1.2 and 0.5 and a high- 1nten51ty D band when characterized by
0op0o00000o00o000o0000g00ooo00ood
Raman spectroscopy. This process overcomes the need to
DDD{]DDchljljl tic in fu h h of th i
rolyze the plastic in furnaces, where much o e energy is
pyrety P 0oo0oo0obec-RHOOO 4
lost in the process. Then, upon a single DC-FJH pulse, the
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intermediate  AC-FG is converted to very high-quality
00000FG(tF 13

turbostratlc G (tFG) with an I,,/I; peak ratio between 1

and 6 and low-intensity D band when characterized by Raman
goooobooo(AcDo)ooogoooopooongprPwO

spectrosco This sequential A and DC (ACDC) flash

oo000000o0pgo
process was shown to be effective for upcyclin% both single-
oooogo

stream thermoglastlcs and PW mixtures. Given the high

DDDDDDDDDD 000000000000000PW 3000000 5>

stablhtaf Dgra&) ene to typical microbial, chemical,”” and

oooo0oo 23

thermal degradatlon, this technology offers a method for

converting PW into a stable and naturallE occurring form of

goo0oooo 0
carbon that has low toxicity. Agglomerates of graphene are

the natural mineral graphite.
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LTS AND DISCUSSION

00000PWODODOSw%O O(CB)ODOO0000O0OO00
as ground using a commercial grinder and mixed with §

wt % carbon black %CBE? to obtain a conductive mixture. The
CBDDDDDDDDSWI%FG

can be substituted with S wt % FG from a former run. The
goopooooopooooooopog
plastic powder was packed in a quartz tube between two
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PVCO [ 00 OACDCtFGO [ grFcoOOOO0O0O gooopooogreoO

]
PS, and 2% PVC. %CB Ramg\nDs ectrum of ha%hly turbostratic FG observed for ACDC-tFG from PVC, show1ng the turbostratic FG bands in

(i Ooooooooo
the expanded spectrum. )

fitting.

ODOO00AC-RHOOOO00000
Temperature profile of the AC-FJH processes collected using an IR spectrometer and blackbody radiation

000000AC-RH(120VvO60Hz)O O 80
copper electrodes and was treated with AC-FJH (120 V, 60
AC-FHO [ 00 00 0 1a0
Hz) for 8 s. An outline of the AC FJH circuit is shown in
AC-FHODOOO0O0O0O00D0000S0000AC-RHOODOOOPWO

Figure la. Pictures and electrical schematlc of the AC-FJH
oo0o0000000000OFGODOOOOO0OO0N
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

oo0oopoooooQOoOooOoOooopogo

electrodes can also be made frommgé'aoghlte or other conductlve
oooooo oog

mmOO000000000
refractory materials. There is ~0.5 mm of space between the

electrodes and the quartz 51dewall allow1 for the volatiles to
gooo0oboooooooooop
escape from the guartz tube. All ﬂashlng procedures must take
oooo(@mooooon &
place inside an evacuated closed chamber for safetar
—FJHD ] D D OrcO0d
notes in the Supporting Information). FG obtained from the
0po00o00o0ogQoooog
EJ process is termed AC-FG. Pla; Stlc
DDD 0 000000102mmO000000000000AC-FG
different particle sizes were used to find that a powder with

see safety
%ow ers with

grain size between 1 and 2 mm %1ves the hlﬁhest yield of AC-
meDDDD DDSWI%DDDDD
FG when 5% CB is used. lastlc owder: §ra1n size
0o00000000000005wmbO0ORH DDDDDDDDDD 0ooo
laé%er than 2 mm are not conductive enough to react when
Oo0O0o0AcC-FGOOOOOOOO
with 5 wt %

mixed 6 CB, whereas powders with a grain size

smaller than 50 um tend to escape from the quartz tube, with

process, causing a
mmD 1 mmD 40m0O D
shows the %1e 1d of
23%0 21%0 10%0 AC-FGL O 0 O

O pum particles of high-

its loose fitting electrodes, during the F% H,

ield of AC-FG. Fl ure 1b
OO00OOAC-RHODOOQ
mm, mm, an

laé%e drop in the
DC(;H PE)O O D
w en

AC FGD
density polyethylene (HDPE) powders were separately
subjected to AC—IEIH to obtain 23, 21, and 10% AC-FG
0DUAc-EGO0O0NO0O00b0000000d000n
Eleld respDectlveDy 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

15597

goopoogorcOOOOO Olc0ODOO
the initial resmtlvﬂgf and increases the FG yield. Figure lc
0000000000000 00000000000OHDPECD DO OOQAC-FGOOOO
shows the yield of AC-FG obtained from flashing HDPE

powder at different initial resistivity derived from different
AC-RHHOOOOO
sample compressions between the two electrodes. AC-FJH was
JoddooodoreOOOO0O00O000000O(PET)0HDPED OOOO(PVC)O
oun to e usefu or roduction from ifferent
Oooo0og(LbpPE)D OO0 F’P)DDDDD(h IDFGDDDDDDDDD
thermoplastics including polyethylene terephthalate (PET),

HDPE, poly(vinyl chloride) (PVC), low density polyethylene

LDPE), polypropylene (PP), and polystyrene (PS); the FG

( ), polypropy (PP) polystyr 1du(mu%uuuuu
ield varied based on the %arent material. As shown in Figure
gopoo00ACcC-FGO 00000000000 OOOO00O0O000OO0O000O0OFRGODO

1d, the Eield of AC-FG obtained from different thermoplastics

Ooo0o00o00000000000

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.

gooo0oooopooogpoon

Note that the yields were calculated based on the carbon
OO00OCBORHOODOOFGOOOOODOOODO O4%0

content of the polymer. Added CB converts to FG u on FJH,

010000000 {
<4% to the total Eleld. FiDgure le shows arge
DPOlyWIZE)DDDDDDDD oooo0d0o0000000000
postconsumer lastic from a commercial
DDDDDDSW{%DDDDDDDDFJHDDDD -FGU

recycler (Polywize, Jacksonville, TX), which was then cut using

contributin

a commercial cutter, mixed vv1th S wt % CB, and ﬁnall% after
DDDDDDDDDDDDDD
FJH, converted into AC-FG. Unhke plastic pyrolysis processes,

there is no need for a high-tem
ACFJHDDDDDDFGDDDDDCFJHD
AC-FJH process produces an

Dperature furnace or catalyst. The
nDo0o0o0oooo0gre(oO00 )0
intermediate FG, which is

transformed 1nto high-quality a short DC-FJH pulse
00005% DDDDDDD(??)DDDDDDDDDD
(see below). We tried to flash silica ?SlO ) with 5% CB but

goo DDDZSA)DDDD
the mixture was not conductive enough to flash. After 25% CB
gooopogopoooooQoooooon

was added, the material was conductive enough to flash but did

https://dx.doi.org/10.1021/acsnano.0c06328
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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 position fwhm position fwhm position fwhm position fwhm position fwhm position fwhm
type (em™) (em™) (em™) (em™) (em™) (em™) (em™) (em™) (em™) (em™) (em™) (em™)
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 SS 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
0oooof20000000000000000 OO0DC-FHOOO0O00000FG)O . O2c000
not yield graphene. Thus, silica mixed with up to 25% CB does only DC-FJH was used to make FG from plastics). Figure 2c

not Eroduce ﬁr%phene
ooogoo gogo
The guah of FG was determined usm§ Raman spectros-
AC-RHO DO O0000RDAGO OO0 JIODONOO0FGOH

copy. AC FJH was found to result in the formation of FG with

different I,,/I I]J:)eak ratios, as well as different D band
DY OAC-RHOD O 000000FGN 000000000000

ure 2a
goooo
FG obtained from the AC-FJH pretreatment

broad 2D and G bands and substantial D

intensities. Fi
goozpocOon
spectrum o

isplays the mean characteristic Raman

process, showin:

ooosoroo0oo(opoooooosn)ooooooorcoOOn
lD)eEnDdS.D’ID‘lEeD%ua ity of AC-FG was significantly upgraded using

000 0FG(tFG

02b
a single 500 ms DC pulse {

see

{

)Flgure S1 for DC circuit

outline) to obtain high-quality turbostratic FG (tFG) from
AC-FJHO DC-RIHC O O tFGO [0 ACDC tFGO
many kinds of plastic (Figure 2b). tFG obtalng% DrorélD G F H

followed b DC-FJH is termed ACDC-tFG. Detailed analysis
0oo0o00o(@ooool)yo00ooogossosi4oooa
ELorentzmn fitting) was performed on each of the collected

Raman s%ectra, fitting data may be found in the Flz%ures S3—
OAC-FGOACDC-trGO OO OOOOOOOOOOOO0ORZI0.980000
S14. The collected Raman spectra for both AC-FG and
goooogd
ACDC-tFG have excellent Lorentzian fitting with R> > 0. 98,
0 tFGO 0 IG/IDO O
1nd1cat1n§ the absence of Bernal stacking. en character-
ootrcOO0D000D0000000
izing tFG, the I;/I, peak ratio is an 1mporta/nt indicator of the
DOpJO0O0O0000
degree of dlsorder and the quality of tFG. A higher I./1. eak
0O oFen 000 quality & ¢/‘p P
ratio is 1nd1cat1ve of a lower degree of disorder and h1§her tFG
pfRRajdl 00 00-FGUOOOOOODOOOOOOIG/ADODO

Suality. Figure 2a,b show that the I5/I, peak ratio

oo

increases sn% nificantly in ACDC-tFG when compared to AC-
OO00OAC-FGODC-RHOOOOOOOOOOOtGO OO0

FG. This suggests that the DC-FJH of AC-FG reduce disorder
and result in the formatlon of hi

pOOO0000OD
h- chua tFG. The formation
0poooOoooOooogooogoopoon opooopoooooo |
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 zi za% %es that reduce the intensity of the D
Ek)lDDDACFGD tFGO 200 GO DO 0D OO O(FWHM)O O OO OO
band.” Table lists the position and the full width at half-

maxima (fwhm of the 2D, G, and D bands of AC-FG and
DDDDDDDDDDDDCFJHDDACFGDDDDDDDDDD

ACDC-tFG. DC F H transforms the quality of AC-FG to
2D0GOO00000DO0O
obtain sharp 2D and G bands and low D band intensity when

] DC FJHD D 2D0 [J 2689cm-10J
characterized by Raman spectrosco U, DJH the 2D
[102700em-10 0 0 0T 71em-10 O 27leDDD5yDD DDDZDD odooo
band shifts from 2689 to 2700 cm , and the fwhm decreases
QO0000000000dgd o
from 71 to 27 cm , resulting in a sharp 2D band that matches
19,31—33
hene
D goeon
the fwhm

ﬁnnng a sharp G band. Unllke

the data regorted for h1%h %uahty turbostratic
GO 1580cm 10 0 0 1584cm-01 O 44cm-100 0 [ 16cm-10 [ §
The band shifts from 1580 to 1584 cm

decreases from 44 t
DDDI% D%DDIZD/IGDDDDDIFG}IDE bt /I Kk
typica rnace-grown graphene, the eak ratio is not a
Y & grap i B AT 5%
good indicator of the unah of tFG. The I,,/I; peak height
O34(0oootrcoooDoo0 googo)o
ratio is mainly an indicator of the number of turbostratic

, and

34
layers” (see Supporting Information for more information
about assessing the quality of tFG).

OO0O00OAC-RHOOOO OODc-RHOOOOO0O00000OFGO

High-quality FG is difficult to obtain by direct DC-FJH

AC-RHOOOPWOOOOOUO
treatment of PW without the AC-FJH. AC-FJH is essential for
0000D000FGOOD0O(ONO00D0000FGOO00000000(TGA)D

Eesrlrslgvllgl)g more volatiles from the PW to obtain high-quality
E S15 and S16 for Raman spectra and

see Figures
thermogravimetric analysis (TGA) of FG obtained when

15598

12D/IGO 0 0 080 PVCOACDCFGO 0O D00 00D OTSIOTS20 00 0tFGO 00
shows the Raman spectrum of ACDC-tFG from PVC with I,/
gooog

I, peak ratio equal to 6, in which the TS, and TS, bands are

observed that are indicative of the pure turbostratic
I 00000000000000000000000

morpholo of tFG. Previous studies show that turbostratic

ooo0ooo cuoooogomMmog

graphene with some Bernal stacked layers would have a large

BRAC-FHO OO O0O00000

]l:zeak that is not observed in our FG." During the AC-FJH

00KO000Cc-cooooooooooooooooog

processes, the temperature rises to ~2900 K, forcing the C—C

bonds to break and rearrange to the more stable %ra% ene.

00o000000oooooOpogoodbooopnoooogooooon ooo

lD\/IDoDStDexcess energy is released via light radiation, which results

in rapid cooling of the carbon material and a bright flash with

pgoooooooooooopogoowrcy
every discharge. The fast cooling rate leads to the random
ooooag

arrangement of the graphene sheets to obtain tFG. There is

Oo00OABO OO0 ooo0o000o0o0o0go

insufhicient time to form AB-stacked layers. When the cooling

0000000000Pp0D000000000002D01T (000 065cml)

rate was slowed by trapping the IR and UV emissions inside

graphene w1th a broad 2D Seak (fwhm of 65
00000000o0ooonopooooog
and was observed. The peaks did not show good
DDD O0000ABOODOOO(HS17)0
Lorentzian fitting, indicating the formation of AB-stacked

raphene upon slowing the cooling rate (Figure S17). The
ﬁDgDDDDDPDC—FJHDDD§D DgD (

oooogo ooooo
same phenomena is observed with long DC-

the ﬂash1n§ tube,

FJH

times induce the formation of AB-
Joofooo0poOooAC-RHOOOOOOO(
Figure 2d shows the temperature profile of

pulse
durations; longer heatin§

O
stacked ﬁra}ghene

oooog 1801 00 )O
the AC-FJH processes collected via an in-house-built infrared
ectrometer com;

(IR) spectrometer %

oooooooooo
Figure S18). The collected data were fitted with blackbody
radiation curves to find that the temgerature increases to 2900

[ DC-FHO 00 03100KO 000
K during the AC- F%H rocess. The DC-FJH flash is known to
ooooobooogoo

oooooo
reach ~3100 K, which is the temperature required to obtain
] ] -FIH
h1 h uality §ra§hene, as shown in previous work.  Record-
oopoogono gooO0leo0dooogd DlSOADDDDDDD(DSl9D
1ngs of the current passing through the sample during the

onents are ShOW in

FJH process shows that 180 A of electricity passes throu }DlDt%e

sample in ~100 ms dlschaégme time (Figure S19). F_]H to such

gopgooooooooooopo

high temperatures volatilizes non-carbon elements, leaving a

gooooooooooboooo

h12% 1%7 Sure form of Note that most elements,
00 KO O 0 000003900 KLI

including metals and srl1con, ° sublime below 2900 K, whereas

MDFJHDDDDDFGDDDDDDDDD

carbon sublimes at ~3900 K.~ This purification mechanism

00000000000 0000000000000d

obviates the need to remove contaminates, such as plasticizers,

residual food, and even clays, before usin. FUIH to obtarn high-
OOPETOOODODLOO010%000000000000000O
quality FG. For example, PET carbonated beverage bottles

380 0
contain ~10% nanoclay that is added as a&as barrier. These
AC-RHOOOO00000000RHDOOOPWOOOO(OOO0O0O0O )0 00FG(
were subjected to AC-FJH, and it was observed that the
00O RHO OPETO TGAD O O 820)0

nanoclays sublime (possibly after reduction) from the PW

ra hene

matrix during the FJH process to produce FG (see Figure S20

RHOOOOOpwOOOOOO
for TGA of PET before and after F I%H) FJH was shown to be
FGOOOOO0O0OO00O0UooOooopoooo/obobodoogogooooooa
effective for converting PW mixtures to FG, which makes this
ooooo

process a good choice for eliminating the labor-intensive

sorting steps necessitated by other recycling/reuse processes.
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00)0
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TEM image of ACDC-tFG from HDPE and

ooopPwdOO0O0OACDCIFGH XO OO O (XRD)O
X-ray diffraction (XRD) of ACDC
[45° (001)(0$21000 000 00tFGH XRD)O A
different PW products shows two peaks occurring at 26.1

(002) and 45° (001) (Figure S21 has XRD of tFG from
000000000(03)00000ABIOD)

different plastics). Compared to graphite and graphite

OO0OACDC-tFGO 0(002)0000QJ 0000000200 1¢=3450 0 O ACDC-tFG

nanoplatelets igure 3a), both of which have AB-stacked

oo0o0o0oo0pOoooog

layers, ACDC-tFG has a (002) peak that occurs at a slightly

000 00002610002

-tFG obtained 2'rom

lower 260 with I_ = 3.45 A, indicating larger interlayer distance

0 (002)0.0
between the ACDC-tFG AGBEARG he)(OOZ) peak of

sheets.

15599

goo0doofd00o000opdACcCDe-trGO O O00oooggoon
ACDC-tFG has a tail that extends to low 26, which is due to

3b0 00
rotational disorder between the ACDC-tFG Iayers.Jal Figure 3b
HDPELDJACDCtFGO 00000 0625° COOO 00000000000
shows the TGA of ACDC-tFG from the HDPE with thermal

ooooon
decomposition commencing at ~625 °C in air. The high
gwrcOO0po000o000n00doodoofdoooooogoooog
thermal stability is indicative of the high degree of crystallinity

and low defects of the tFG structure, as defects often lower the
HDPEO ACDC-tFGO XO O O 0000 (XPS)

thermal stability of graphene. A survey X-ray photoelectron

oooo

spectroscopy (XPS) of ACDC-tFG from HDPE shows pure

https://dx.doi.org/10.1021/acsnano.0c06328
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HDPE).

00 0000/AC-FGO 000 (FGO O'HDPE)O

ompressive strength cement/AC-FG composites (FG from

00p00000000000(03c)0
carbon composition without the detectable Ppresence of
0 0 HDPEO ACDC-tFGO 0 [0

0 OXPS(013d)
%Fimgélre 3c). High-resolution carbon XPS of
0002845ev0 00 c/cO 0
ACDC-tFG from HDPE (Fi%ure 3d) shows large C—C/C=C

286.501 288ev] [0 0 00 [J [0 [ co/co-CO
gealisps%cmcurring at 284.5 eV. Trace C—O/C—0O-C and O—C=
-C0-
O XPS Eeaks were observed at 286.5 and 288 eV, respectively.
gooogooswopvecO o OoO0ooooorcOOOOOoooOoxXpsooooogooo
l\éosgée Dthat PVC, which has ~50% chlorine content, formed
igh—)purity FG upon flashing, without a detectabéem%rpeﬁ'emnmcg Dof
chlorine by high-resolution XPS (Figure S22). This indicates
gooopooggo 00000
that the FJH method is effective for handling PW that is
goopvcoOoono choooo
otherwise difficult to repurpose. When flashing PVC, hydro-
AC-RHO 00000000 000000000000
chloric acid (HCIl) is expected to be released during the AC-

FJH process as one of bDygnoducts along with other

0000000000 0HA000pO0000b00000000
hydrocarbons. Similar to conventional chemical recycling,
ooag

heteroatoms

HCI can separated from other effluents usir&gﬂa lime absorber.”
AC-FGUTEMO O OOOOOOOOOOO(D4) 000 16 nm( D 4b)0O
A TEM image of AC-FG shows highly graphitic éhgets
AC-FGO O
|SFiﬁure 4a) with an average size of 16 nm (Figure 4b). AC-FG
gbo0oo0o0ooooooo(os23
comprise an average of four stacked turbostraic layers (Figure
OTEMO OO OOTAC-FGO 0O 0000 03.45(0S24)0
S23). From the TEM images, the spacing beEvXeDeSDt}DleDég_DFDG
c
lagers was found to be 3.45 A (Figure S24). Figure 4c shows a
0 27 nm0 ACDC tFGJ TEMO O (0 4d )0 O OJ O AC-FGO
EM image of ACDC-tFG with an average sheet size of 27 nm

ISFigure 4d'_), which is lar§er than that of the AC-FG. This
OO0OO0O0AC-RHOOOOODC-RHOOOACDCtFGO O OOO0OO
suggests that following the AC-FJH process with DC-FJH

romotes the lateral growth of the ACDC-tFG sheets. The

Opooooopooooo0boooddpbe-RHO0000000000000DOOO0

increase in sheet size upon DC—F%H agrees with the decrease in
Oo0o00Jgooppooooooooobooa . .
the D band in the Raman spectra because the intensity of the

D band correlates to the surface to edges density; smaller
oano

§ra€hene sheets often have higher D band intensities. DC-FJH
C-RHOODOOrFRGODOOOOODO

was observed to result in an increase in the number of stacked

ACDCFGO TEMO O DO O D OO0 OO0ORG(OS25) 000000

FG sheets. TEM images of ACDC-tFG show an average of six
[13.450

layers (Figure SZS% of tFG per sheet with an average interlayer

OTEMO OO OO0000000S26000
spacing of 3.45 A. The interlayer distance calculations from the

OOTE
TEM images are included in Figure S26. The interlayer

15600

O000OXRDORamanD OO0 O OO OACDCtFGO OO OOOOOO
distance from the TEM images agrees with the XRD and

Raman data that support the conclusion of the turbostratic

morgholo? of ACDC-tFG.
goooodgopPwoOOFGOOOOOOORHOODOOOOODOQOO
To calculate the energy required to covert mixed PW to FG,

the resistivity across the samgle was monitored during the FJH.
00000000000 0000005000 )
The resistivity across the sample was observed to drop with

time, as shown in Figure Sa.

[J1.090 O PWO O O [0 40%HDPEL 20%PPL]

Starting from 1.0 g of mixed PW, with 40% HDPE, 20% PP,
20%PET L 10%LDPEL 8%PSL] 2%PVCO O 0 0 0 0 81 Wt%(Ig gooHOoO C()D 0 opPwd
50% PET, 10% LDDPE, 8% PS, and 2% PVC, which is 81 wt %
0018g(22%C 0 ) DDAC-FGOOODOODOOO0OOODOOO0O0LOQOODOO
EaDrDorml Dc%r;tment 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 guartz tube (see below). The
0018g00AC-FGOOOOOOACDCtRHHOOOOOOOOOO0OOO000OACDC-FHOO
conversion of the 0.18 of intermediate AC-FG into high-
000000PWIO0 000 0FGD 000 22%0 o

quality ACDC-tFJH graphene is nearly quantitative, hence

there is a 22% overall yield of high-quality tFG from ?5{5% 1P0W
Ug

following the combination ACDC-FJH protocol. When we
HDPED O OopPwoO OO 00O0ACDC-RHDO OO OOtFGH O 0 00.23¢g( 0 0 HDPE
start with 1.0 g of HDPE instead of mixed PW, the yield is 0.23

0008%0000000027%)0
g (27% vyield since HDPE is wt 86% carbon) of hi%h—%uality
0oo00oo0oopoop0oo00po0dorRADD
tFG after ACDC—F&H. ‘We presume that the %ield of §ra§hene
0000000000000 0000000000000 0000000000000
can be substantially increased if we build a pressure vessel that

can retain more of the volatile components during the FJH
ste&)s for higher overall conversion.
C-

FHOODCODOOO00021k)/g0
The energy consumed during the AC-FJH processes is ~21
DC-FIH 000013k/g00.000DC-RHO 00010900 0000.18g0

kJ/g. The energy required for the DC-FJH is ~13 kJ/g, but we

are only DC-FJH 0.18 § of the original 1.0 g of mixed plastic.

gooogoOd23kOoOogdoPwoon

In total, 23 KkJ is required to convert 1.0 % of mixed PW into

0.180 O O tFGO gpooooos2rgd

0.18 g of high-%ualitar tFG. The eneﬁ calculation is shown in
guoooigPwoOO8000 grcooooooooooDl24000

Figure S27. This translates to $124 in electricity cost to

convert 1 ton of PW into 180 kg of hi h—gualigr tFG plus
gopoooOooo0oo0oooOopUuooopgooooag
volatiles. This makes the cost of upcycling plastic using this

technology competitive when compared to conventional

https://dx.doi.org/10.1021/acsnano.0c06328
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0pooopoogo ooooon

Bhysical and chemical recyclin% technologies. Currently,
0o0QgoOO00o0QgoO0opoOp0O0O00O0OO0O0bO0ODOO

recycling technologies are not economical, which results in

produci%gD recEcled Elastic that is hiﬁher in cost than vir%in

00000000 00opooopgoouoogoooooooonoo

Blastic. This, in turn, leads to favoring the consumption of
ooo(Quoooooooooooogosy)o

virgin plastic over recycled plastic, increasing plastic pollution

and greenhouse gas emissions (see Table S1 for prices of

recycled and virgin Elastics).
Sa0 0 OtrcO o000
Figure Sa gives insi§ht into the mechanism of formation of
OJAC-RHOOOOOOU0OOQOoOoDoOooo(0ooO0o)dgAHDOCBOOOOOO
tFG. Prior to voltage application in the AC-FJH, we start wit

a HDPE and CB mixture with high resistivity (low
OO00AC-RHOOOO0O0OO00OcBODOOOOOOOOOODODOD

conductivity). As we proceed with AC-FJH, the current

JO0000000000000AC-RHHOOOOOOOOOAC-FGO

flows via the conductive CB generating a large amount of heat

that carbonizes the nonconductive plastic, causing the

resistivity to drop with time, forminﬂg carbon-rich AC-FG by
O00002a000000000000

the end of the AC-FJH process. At this point, evident by the

O00AC-FGOOOO000000D0DODOO000000ODOOAC-RHOOODOOOO0OOO

collected Raman spectra in Fégmure 2a, AC-FG is not fully

0000000000000o00000o0 0

graphitized and exhibits a considerable amount of disorder,

indicating that most of the applied energy in the AC-FJH

process is applied toward carbonizin§ |:glastics bE removin

0 AC-FGO DC-FIHO 00 0 [0 0 AC-FG
volatiles rather than §ra&)hitizin it. Upon DC-FJH of AC-FG,
OO000000o0ooogUoUoUACcC-FGOUOODOUOOOOOOACDC-RHOOOOO
the current is uniform across the AC-FG, generating heat that
00000 O tFGO ] )
graphitizes and heals the defects and disorder present in the

AC-FG to obtain high-quality tFG by the end of the ACDC-

19,35
FJH process.
0000000000 0000000000Q0Oo000ooogg |
The degree of graphene dispersibility is one of the important

parameters that influences the processabilit ofﬁamphene into
PluronicO 00000000000 OOOOOOO gopog
composites. Pluronic surfactants are low in price and often
000o0o0o0oogooopoo
used to make stable aqueous graphene dispersions because of
42435 0 O FG
their hydroghilic tails and h%drophobic cores. The
0 1%Pluronic F-1270 0 0 0 00000 000000 )
ispersibility of FG was studied in 1% aqueous Pluronic F-

127 solution to find that dispersions with concentrations up to

AC-FGO OO 12mg/mLOO OO0

1.2 mg/mL were attainable with AC-FG, as shown in Figure
ACDC-tFGO OO0 OO0 OOOAC-FGO O OO OOOACDC-tFGO OO OO OAC-FGOO

S5b. ACDC-tFG dispersions were lower in concentration than

that of AC-FG, which could be due to the larger sheet size of
00 0AC-FGO DC-tFGO U OO0 000
ACDC-tFG compDared to AC-FG. However, both AC-FG and
ACBLEG Spernon concentrations sse sigmfcantty bl
- ispersion concentrations are significantly higher
s

than many concentrations reported in the literature. The
DOFGO0DLO000DDOONOD0NOONOG | | o
ability to achieve FG dispersions with high concentration is

likely due to the turbostratic morphology that makes is easier

15601

gorcGOOOODOODOOQDDOODOOO ) )

to overcome weaker van der Waals interactions between the
0000000000000 0000000000ABO0OOOODOO

FG layers. When working with graphite, exfoliation of the

goooboooooooopoog

layers only occurs when the net surface energy of the graphene

and the solvent is greater than the strong van der Waals
L ooopoooo
interactions between the AB-stacked layers.  For this reason,
0oofdoogoooooodoooooowrcooooogod .
graphene dispersion from graphite usually requires costly

organic solvents and high sonication power, which are not
gooogooogoooobooooo

re%uired for tFG dis&xersions. Therefore, dispersions made

tFGUOOOtrGO 000000000 ((05b)0

from graphite had concentrations much lower than those from

tFG, making the utilization of tFG dispersions highl
go0o000ogo0000po0poo0onooOno

advantageous (Fi§ure Sb). Second, the results here have not

0000000000 Oou00oooogoogooogooooog

been industrially optimized and would likely gain by using a

pressure cell have the escaﬁ)in&DgDases also convert to graphene.

D000 JFGO D 0FGO 00000 0gooogo . ;
In addition, nanosized tFG particles make it easy to disperse
FGO

tFG in the presence of a small amount of surfactant. The

DDDIDDD%DFDGDDDDDEDD}DIDDI(C{ h 1 P
uali of t was enchmarke against the uali [o}

q R4 & qD 00 tthD O

commercial DgDraghene available on the market. tFG was

goo00oogo ZDDDDDDDDDDD(DSCI{E

found to have a significantly better man spectrum with a
00

sharger 2D band and lower D band intensity (Fi%ure 5c). Also,

treO0fo0fgooogoooooweogoooooooopguoogooogn

tF as dispersibility much better than that of commercial

graphene, indicating that tFG has better Dprocessability into
) ) 00CT098%0 0000000
compDosues than commercial ﬁraghene. Given that the 98% of
0oo00oOooo4e0PWOO0ODDOOGHODOOOOOODOO0DOO0DO0O0O0OO0
all ra%hene suﬁ)glies are currently offering low-quality
0oo0000oQe 000 oooooog .
graphene, 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
gooowchioooOO0O0O0OOHDPED D OtFGH OO OO0 OO0 OOO0OOHDPED OO
demonstrate the usefulness o tF
0.035W1%DFGDDDDDDDDDDDDDDCW%(I?ISC{ ]
composites of tFG derived from HDPE were tested to find

that adding 0.035 wt % of FG from HDPE increases the

compressive strenﬁth of Portland cement by 30% (Figure 5d).
gooopogotrecoonooooooogoooogn

This is due to the increased integrity of calcium-—silicate
gopooopoooon
Such enhancement

Portlan cement

hydrates in cement via addition of tFG.
gootcooooooon
in the compressive strength by adding small fractions of tFG is
ooooooog
difficult to achieve with graghite or carbon fiber. For exampDIe,
Oooswd O0O0OOODODOOO0000UOrGOOOOODDD0000000D0
ing 0.05 wt % graphite to cement, which is almost double

ooo

the loading of tFG in our composites, did not result in a
Otrco oo

noticeable change in the compressive strength.  This shows

gooopooooao

the advantage of the tFG in large-scale applications where
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00O0poo00o00pogoo0o0oogooo00on
small graphene loading translates into significant enhancement

in the ﬁsmal Ero&)ertles of composites.
DDA 0ooo DDDDDDDD DDDDDDDD(FTIR gpoood
Sl.l stances orme urln the A process
DDDDDDFT 00000000000 0p00000 DDDDDDG

were collected and analyzed by Fourier transform 1nfrared
(FTIR) to find that the waxes are oligomers with FTIR

fingerprints similar to the parent ﬁ)lasnc with a low deDgree of
0000000.s2800
oxidation, as shown in Figure 6 A schematic of the wax trap
000000oooooooopgoogo
setup is shown in Figure S28. These oligomers can be mixed
oooo0o000000000000000000
with petroleum hydrocarbon streams for processing into virgin

plastic or can be used to %roduce additives for detergent
[min] DDDDDDIO%D 0600 O0oPWOOOOODOO
composites. The yield of oligomers is <10%, indicating that

~60% of the flashed PW is transformed into gaseous product.
0000000000000 00000000000000000 00000090 O
To analEze the composulon of the generated gases, a flashing
0oo0o0o00o((os29)

electrode with a central hole drilled on the electrode face and a

90° turn tonerm1t volatiles to escEpe was built (Figure S29).
OHDPEORHO OO O OOOOOOO0O0O000O0
he gases evolved during FJH of HDPE were cagtured and
001%° cCOOOOO0OO0pOO0O0O0O0000
collected in a cold trap. An estimate of the effluent
0ooooorsnD(000)023 coee cooonnono
composition was calculated based on the vapor pressures of

the volatile stream at —196 °C; —78 °C (dry ice bath); 23 and
60 °C mdlcatm%that the process affords DZD ¢ ﬁ ﬁ’D D‘l] ﬂ in 2

8 410 thio(0DoOo
ressure ratio (not molar ratio If a s1m1 ar amount o
DDHZ 00DOO000ORHOOODOOO000Dn

remains to be generated upon scaling, then the H, might be
used in a fuel cell to generate clean supplemental electricity for
the FJH process.

CONCLUSIONS

goooooopwoOOOO0O000D0O0O0O00OCOODOOOOO
The ability to use small amounts of electricity to convert PW

to higher value materials moves the world clo

JooOorRHOOODOPWOOODOOODOOO
neutralltar U51n the FJH technol 0§y on a lar:
0000000000 oppo0gooopoobboOoooag
PW could potentially reduce the emissions of greenhouse gases

7,8

ser toward Elastic
googooooogn
%e scale to handle

in cradle to upcycle use of plastics;

,18 -
however, a full life-
cycle analysls remains to be done for the full utility of this
OOO0100PETOO3R8KO DD OOOORHOOOO O
%E)roach It has been reported that the production of 1 g of
0230000 000000ttcO0O00000000 49

virgin PET requires 38.8 kJ of energy, whereas treating PW

using the FJH method will consume only 23 kJ, and chDis ié for

u; cling to tFG rather than merely recyclin Gra hene is
%Ca’ gooooopooooo 4 b4 & p

known to be a stable from of carbon with an extremelar resﬂlent

godofgooogooooogooooogoogoo gog
structure. As with graphite, graphene can be slow in m1croblal

degradatlon thereby lessenin:
ooopwoOrRHOOOPWO OOO
cycle. Therefore, FJH of PW should be con51dered as a method

to upcycle PW.

Dg re- entry into the carbon

METHODS
ﬁD OO010nmO0002000)00000000
Materlals. average dlameter 10 nrrxh ]D?’lDaEkD gearls 2000) was
purchased from Cabot Cor%oratlon RecEclable PW was collected and
ooooopwo0oO000000000OPETODOOOO0N
seg)aratecl based on tEpe The PW products regorted in this work
olywize(U O DO O0OOODO )DHDPEDDDD OopvCcOOOO000O000OLDPED DO

include PET from carbonat everage bottles, HDPE from milk jugs
opooog DPPDDDDDDDDDDDP
or Polywize (Jacksonville, TX), PVC from plumbing pipes, LDPE

from single use plastics bags, PP from disposable straws and food
ooooooooooogo

ﬁaCk%% and PS from disposable coffee cups. The PW was sanded

0oo0ofjoogopooooid2mmdO00
anghai Ke Heng Industrlal Co. cutter to_obtain
Do00000OsSw% 00000000
Eowders with grain sizes 1 to 2 mm. The powdered plastic was then
oon0 oooooo

or cut using a

mixed with S wt

% CB to obtain a conductive mixture. One could
00o0O0O0FrGOOCBO [m]

goooooooooo
substitute CB with FG made in a prior reaction. In some cases used
O000050mOHDPED OO OOO0DON M|II|pore€gmaD oo

here, HDPE powder with grain size smaller the 50 #m was purchased

as virgin materlal from Millipore-Sigma.
goooooooopoon
AC-FJH. Powders were packed between two copper electrodes in

tube thickness: 2 mm,

quartz tubes
!_H_H_H_H_JOSQFH_WFHZO 125!_(

1nner diameter: 8 mm, length: S
og

cm). The samples were comEresse to obtain a resistivity of 120—125
(lommHg) 01000 DT 010V 60 )
ézgfgﬁg 5§ of plastic. Alternating current (120 V, 6 was applied
s

to the sample for ~8 s in a vacuum desiccator (~10 mmHg) to aid
00po00000000Ss20
with outgassing. A detailed description of the AC system can be found

in Figure S2.
] AC-FJHD oo D D O DC-FIHO

DC- ngH Eerformed on samples after AC-FJH. A
DDDDDDIO[ASOVDS mFDDDD ooo

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

D(DDDDme]D]DBmmDDDDScm)D

15602

ogooopoooF

4 a[lljogzlvued 500 ms dlscharge time to obtain high-
description of the DC circuit can be found in Figure

oooi1ovo
charged t

quality FG

Sl
050x OO0 0Renishawd 00000 005320m0 0000000000
Characterlzatlon. Raman spectra were obtained by excitation

oo

with a 532 nm laser in a Renishaw Raman microscope with a 50X
0 O Rigaku D/MaxUItlmaIID OXRDOOXOOOOO
objective lens. X-ray diffraction was pe erformed using a Rigaku D/Max
TAO O 0 Q50 TGAD O O TGAO
Ultima II powder XRD. TGA wasﬂperformed on a QS50 TGA from TA
0 0JEOL 2100F0 O 0 I TEMO200kvO 00000000 0000
Instruments. Transmission electron microscopy images were acquired

using JEOL 2100F field-emission n TEM at 200 kV. X-ray
PHI-QuanferaSXMO 0 XO OO O0O0O5x 1090000 oooxooooogoo
photoelectron spectroscopy spectra were collected with a PHI

Quantera SXM scannln%
0oo0s5evid 000000000000 140ev0

S X 10 0.5 eV ste

ODoooo2ee

° Torr. Survey spectra were reco.
LlevOodoooooa
with a pass energy of 140 eV. Elemental spectra were recorded usin
000 0 GoldenGate[) [J

X-ray microprobe with a base pressure of

rded usin sizes

0.1 eV steP sizes with a pass ener; of 26 eV. Fourier transform
[0 Thermo SgientificC) [1 0 Nicolet 6700 FTIR[] 0 0 () [1 oooooggdo
infrared spectra were collected using a Nicolet 6700 FTIR

spectrometer from Thermo-Scientific equipped with a GoldenGate
accesso
ooooo |
Dispersion Pre

polpoouogreOOgOd
concentrations from 1 to g- by suspendlng FG in 1 wt %

Pluronlc F-127 solution and sonicatin r 30 min
00000 Beckman CoulterAIIegraX 120 0 0 0 O 15 rpm 470rcH)00 000
ter sonlcatlon 1sper51ons were centrifuged in Beckman Coulter
DR e
Allegra X-12 centrlfuge equipped with a 19 cm in radius rotor at 1500
gooooosedoooa
470 rcf) for 30 min to remove aggregates The supernatant was
D UV 36 Oplus)D ooog D

00 0FGO O O 1wt%Pluronic F-1270 0 0 0 O
arations. FG solutions were prepared at
1010g- lL(%D F(i? 130

to_disperse FG.

ws(

diluted times an nalyzed via UV—vis (Shimadzu U V 3600
DGGOanDDDDDDDDD 0=6600 L - l ml[][][][][][
The absorbance was recorde t 660 nm, and an extlnctlon

plus).

coefficient of ag,, = 6600 L-g_l-m_1

was used to calculate the

concentration of graphene in solution.

0o D D ooopod 0 1 wt%Pluronic FO FG-

osite Preparation. FG with 1 wt % Pluronic F-

Cement Com
12700 D D O Silverson LSMAD 0 0 0 0 0O
was shear mixed in water using a Silverson LSMA shear mixer for
05000rpmO0 0000 10000000000 GO
15 min at the speed of 5000 pm to create a dark dispersion. FG
Oooooooooooooooooedotdononnonnagx 490x 4.90cmPTFED O 0
dlS ersions were mixed with Portland cement using a dispersion to
(000000)J00024000
cement ratio of 0.40. Next, the slurry was cast in 4.90 X 4.90 X 4.90
cm PTFE cube molds for compressive stren §th3 and were allowed to
DO0D0O00DOForneyd O ooooooooon
set for 24 h. The compresswe strength was measured after 7 days
using a Forney variable frequency drive automatic machine with dual

load cells.
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