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Plastic Wastes and Current Recycling

PYROLYSIS

« Plastic waste globally: 2Mt in
1950, 260 Mt in 2018 and 350
Mt in 2023. [1. 2. 3]

« 48 Mt in the US (majority
polyolefins), contributing to PLASTIC
12.2% of all MSW. [2] WASTES 3 High P, solvent use, difficult

CHEMICAL RECYCLING product separation

2 Very high T, complex gas
cleanup

* Only 8.7% of plastic waste
recycled in the US, mostly by
mechanical routes. [

Slow reaction rates,
sensitivity to feedstock type
and impurities.

[1] McKinsey & Company, [2] US EPA, Environmental Protection Agency
[3] OurWorldinData, [4] US EPA, Environmental Protection Agency

5 Versatile, mild upcycling to
functionalized chemicals

IOWA STATE UNIVERSITY 2



Production of Oleochemicals from Polyolefin Waste

“Polyolefin pyrolysis yields low value  Synthetic Oleochemicals
hydrocarbons, but rich in olefins”

Hougian Li et al., Science 381, 660-666 (2023)

« Ziegler process

o~ & Frroves - Oligomerize ethylene to olefins
e, | Plastics . . )
HDPE PP LRk - Oxidative hydrolysis to alcohols
s st * Oxo process
i O Hydroformylated 0Qil :;grmrmﬂah;nﬂ& = OleflnS hydrOfOrmy|athn
e J w kL .
) o 53#;;% - Hydrogenation to alcohols
Hydrogenation Oxidation Eﬁ:lr:::::ﬁ Aldolization ° Cata[ytlc oxidation (Co/Mn) of parafﬁns
C5-C20 Mono-Alcohols  G5-C20 Carboxylic Acids  C5-C20 Amines Long Chain .
Gt | nicie | [t || paas to fatty acids, alcohols, and ketones
Polyesters... Acids Polpesters. .. Nylon. ..

 Multi-step, high pressure, $$$ catalysts

New Trends for Value-addition
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Plasma Upcycling of Waste Plastics and GHG CO,

“DOE to disperse $12 billion for carbon capture and utilization projects in coming years”

Source: GAO

» Single-step electrified

Tunable oxygenated  Downstream applications

Products
process to produce &~ e -
. I
oleochemicals. ) lement | Fatty alcohol | |
| o : ! Cosmetics
. i Lo
° I N '
Slmultaneo_usly upcyc_:l_es Single Step | Fatyadd ||
waste plastics and utilizes ¥ B [ e Jmh] =
CO, as a feedstock. Lata . Carbonyl |
NN
« CO, as oxidant/carbon 1 ;o Oleim :
\ L~ o~ | : Pharmaceutlcals ,
Source T~ i Paraffin i [
. “ | ‘ i C=0 i
¢ Ca rbOn-negatlve Polyolefin waste | Jurces i Carbon monoxide E E Fuel & chemlcal :

Chgmlgals via C02 Proposed plasma-based routes to produce oleochemicals and syngas
utilization. CO from polyolefin waste and CO,
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Plasma and its Classification
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Plasma in nature § /o //’/;’
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[=]
: ® ll::
Q& Electrons ° ©o .
o © “ w 4 o ®
- @ Radicals
C) ‘ ‘/ 10-1 12 L I16 1 IED 1 _Iz_4 1 28
Ions/ P . 10 10 10 10 10
Excited atoms Electron Density (m~3)
& molecules

Non-thermal vs thermal Plasma
Plasma species

Plasma discharge creates an ionized and chemically rich environment.
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Non-thermal Plasma-based Polyolefins Conversion Setup

Insulation
Ground electrode \

Hi It ]
Lilc;%cﬁage’>__‘ 1. gas cylinders

% P—’roduct 2. high-voltage plasma
| | > Gas product power supply

0,/CO —
e ! 3. plasma reactor

—>
b 4. oscilloscope
5. high-voltage probe
6. current probe

Waste Polyolefins

(pulverized)
. — 7. condenser
o High voltage Liquid product
2 CO; (| Power supply @ 8 }J-GC.
(. vy A v

Current spikes due to gas
breakdown and discharge
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Plastic Conversion under Different Plasma Gases

B Solid Residue OLiquid B Solid Residue OLiquid B Solid Residue T Liquid —&—CO2 conversion
95.4 140 1114

3 ! 91.6 118.6 118.9 120 | 108.4 4 1 12
100 871 120 | 1090 1113 AT 1129 996 101.5 —

788 ] ] 100 | 103
80| 703 69.7 _100 | <
= . = < 80t 18 &
B Bl H
b = 60 | s 60 | A 16 Z
> = 40 | ” 40 |48

20 20 | 20 | 12
0 0 0 0
15 25 30 35 40 45 2.5 5 7.5 10 12.5 15 2.5 5 7.5 10

Time [min] Time [min] Time [min]
Argon Air CO,

T=350°C;V=15kV; f=8kHz; Q (tg) = 50 mL/min (13s)
Plasma Atmosphere Comparison

 PE decomposed under different plasma atmospheres.

* CO,plasma (10 min) converted PE faster than argon (45 min) and
air (15 min) plasma under the same plasma condition.
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PE Conversion under CO, Plasma: Effect of Gas Residence

= Solid Residue ——Liquid —&—CO2 conversion = Solid Residue T—Liquid —&—CO2 conversion
» Both CO, and PE conversion e e 2 e e 2 |
2 100 IRUS 100 g
increased when flow rates S o0t o NEEEEE L R
S 60 | 16 2 = 60 il -
decreased. g 8 g |, 8
, |43 :
» Highest CO, conversion of 7.5 1 [] [ . I |
wt% at 20s gas residence where ST 2o e
the liquid yield was 109.9 wt%. 32.5 mL/min (20s) 50 mL/min (13s)

mmm Solid Residue C—JLiquid —&—CO2 conversion

* Highest liquid at 13s gas o [ s 2

. . . 99.4  100.1 Z Y996 1 9
residence while CO, conversion R g
reduced with decreasing gas e |2
residence. 2 e g
20 127

T=350°C; V =15 kV; f = 8 kHz O s s o s "

Gas Residence Time Comparison Time [min]

65 mL/min (10s)
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PE Conversion under CO, Plasma: Gas Products

2  mCHA OCOHA BCIH6 mCIHY  DC3HG mH2 ®CH4 OC2H4 BC2H6 ®C2H2 OC3H6 EH2 ®CH4 OC2H4 @C2H6 ®C2H2 OC3H6
@C3HS DCAHS mCAHIO mCSHI2 mO2  oco mC3HS OC4HS ®C4HI0O mCSHI2 m02  ©CO BC3HS DC4HS ®C4HI0 @CSHI2 mO2  ©CO
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- 3
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253 /" 2 E ~ Py z
< @ S
S 5 £ 60 3 T 60 15 %
S 60 = 2 - z 2
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2 4 153 2 40 / Ce 3 40 10 2
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[So3
(=1

(=1

7.5 10
Time [min]

32.5 mL/min (20s)

o
W

(=1

o3
(=}

(=}

50 mL/min (13s)

0.5

0

T=350°C; V=15kV; f=8kHz

(=}

2.5

5

7.5
Time [min]

10

65 mL/min (10s)

12.5

(=}

Gas Residence Time Comparison

» Hydrocarbon gas yield reduced with higher gas residences, from 21% to 1.3%.
» Syngas CO selectivity also increased to 85%.
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PE Conversion under CO, Plasma: Liquid Products

B 065 mL/min (10s) Feedstock tR_ZOS tR_1 > tR_1 o8
B 50 mL/min (13s) wt% wit% wt%
0 032.5 mL/min (20s) Liquid product carbon number distribution
S s C5-C12 50.1 28.2 15.6
B C13-Cao 24.4 23.4 13.1
2 30 Cor-Cos 192 22.3 12
Cost 16.2 37.2 39.9
15 Elemental analysis of liquid product (wt%)
’—I_‘ ’_ﬂ ’_I_‘ C (%) 79.6 80.9 82.8
" Alcohols  Carboxylic Carbonyls Olefins Paraffins H (0/0) 13 13 13
acids 0O (%) 7.8 6.2 3.9

T=350°C;V=15kV; f=8kHz
Gas Residence Time Comparison

 Liquid products: fatty alcohols (major), fatty acids, carbonyls, olefins, and paraffins.
* Lower molecular weight products are produced with increasing gas residence.
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PE Conversion under CO,/O, Plasma

« Adding 8 vol% O, to CO, plasma P v I
increased liquid yield to 121.5 wt%. | ™ s
B 2 80 _
+ CO,/O, plasma produces lower PE- 1 N\ N R .
derived hydrocarbon gas yield than 0 . T
COZ. ’ 2.5 5 ‘ .7.5 10 ’ ? */_. 1 §
et o | | AT .
- Gas streams are CO-rich with more ~ w ————— 0 é = = =/

than 90% selectivity from CO,/O,
plasma. Syngas?

« LDPE, PP, and mixed waste PE
converted with 110-115 wt% liquid
yields.

Time [min]

o | T =350 °C (PE)/325 °C (others)
w0l V =15kV; f = 8 kHz;
Q (tg) = 50 mL/min (13s)

Yield (per plastic %)

[\
S

(=}

PE LDPE PP PC-PE

Time-resolved product yields and gas product selectivity
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PE Conversion under CO,/O, Plasma

100 .
® CO, Plasma « Maximum fatty
80 o CO,/0, Plasma HDPE LDPE PP PC-PE alcohol vield
Sl Feedstock wt% wt% wt% wt% . y d f
Z Liquid product carbon number distribution INncréase rom
§ 40 Cs-Ciy 644 66.8 60.1 76.6 61.1 to 97.6 wt%
2 C13-Coo 371 30.5 32.7 22.4 after 02 IndUCtIOn
Cy-Cos  13.2 7.6 15.6 6.4 _
0 lj " AN = Cost 6.1 47 26 78 * Oxygen content in
Alcohols Carabc(i)gzhc Carbonyls Olefins Paraffins Elemental ana ly sis of li qui d pro duct th e II qU| d
100 C (%) 76.7 76.5 77 76.1 . d f 7 8
P H%) 121 122 121 121 Increaseda from 1.
80 mLDPE O (%) 11.2 10.5 10.9 11 to 11.2%.
< oPpP
3 @ CpepE T = 350 °C (for HDPE) and 325 °C (forothers) ¢ LDPE and PP
T 40 V =15kV; f = 8 kHz; .
2 Q (&) = 50 mL/min (13s) produced lighter
20 oxygenates.
el o (W

Alcohols - Carboxylic Carbonyls - Olefins— Paraffins - GG mass yield of different functional groups in the liquid product

acids
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Effect of Plastic on CO, Conversion

» CO, conversion was measured
under the same plasma condition BwioPE  Dwith PE
without and with plastic in the
reactor.

o0

(o)

CO, conversion (%)
N

\S]

« Co-conversion with plastic showed
a synergistic increase in CO,

conversion. 0
CO, Co, CO,/0,
. . tg = 20s ‘ ty = 13s
« Adding O, resulted in lower CO,
conversion CO, conversion without and with plastic
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Mass balance of the plasma process

Paraffins: 2.2 =

Paraffins: 8.7 I

Olefins: 10.5
| Polyethylene: 72.6

Oxygenated OIL: 83.5 Alcohols: 46.4
Feedstocks: 100.0

Olefins: 8.5 [J

Oxygenated OIL: 87.8 Alcohols: 70.9
Feedstocks: 100.0

Polyethylene: 75.9

Carboxylic acids: 11.0 I )
= C02:17.6 Carboxylic acids: 4.2 1
_Solid Residue: 0.6
CO2:24.1 Other Carbonyls: 6.9 [ Other Carbonyls: 2.0 =
Gases: 13.4 B HCe & 12-1-0— o293 | Gases: 103 | oo 1 0 -
CO: 121 I CO: 9.6 I

CO, plasma (20s), PE CO,/0, plasma (13s), PE

02:0.3 —

» Mass closure normalized to converted plastic and converted CO, or CO,/0O,.
 Fatty alcohols constitute majority of the liquids from both CO, or CO,/0O,.

« Syngas CO is the major product among gases.
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Reaction Mechanism for Co-upcycling of Polyolefin and CO,

Plasma-induced reactive species

Hydrocarbon Fatty alcohol

OH + o "> —> PN )]

OH
H,COH +o- "> ¢~ &)
CO,-derived alcohol

Alkene
CiHg+o NS —> SN\
CO,-derived alkene

P E——
«—

Favorable pathway in mixed O,/CO,

«—

CH,+ OH

Plasma e- °
TN
— " H + 7

N p-scission

Fatty acid

¢}

0]
+ o >, —_> /\/ + H (8)
COOH + o " —)/\w’\/E\OH (6)

Solid/molten phase

O, OH
o (9 e
o, —> NN F ©) COOH +m_) W Rl
CO,-derived carbonyl . )
-H—— OH+O0 (10) CO,-derived fatty acid

-0 —— CH,, +OH (11)

lroxyl formation pathways

*Plasma-induced reactive species including atoms, ions, radicals and molecules in their different states

Isotopic-study based reaction pathways for co-upcycling of polyolefins with CO, or CO,/O, plasma
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Conclusion

» Co-upcycling caused a synergistic increase in both CO, and plastics conversion.
« CO, and CO,/O, had a higher conversion rate than argon or air plasma.
 Plastic acted as a scavenger and carbon sink to increase CO, conversion.

« CO, plasma-based deconstruction of HDPE can increase the liquid yield per

plastic mass beyond 100% due to oxygen and carbon induction.

« Adding 8 vol% O, to CO, increased fatty alcohol yield to 97.6 wt% from 61.1
wt% without catalyst.

« Potentially carbon-negative route to produce industrial chemicals by utilizing
waste CO, and polyolefin plastics.

+ A patent-pending technology is developed to produce oleochemicals from waste
plastics using CO, and electricity.
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Background

@ Mismanaged & uncollected litter @ Landfilled @ Incinerated @ Recycled

Canada

United States

Other OECD America
OECD EU countries
Other OECD Europe
OECD Oceania

OECD Asia

QECD AVERAGE

China

India

Latin America

Middle East & MNorth Africa
Other Africa

Other EU

Other Eurasia

Other non-0ECD Asia

NOMN-OECD AVERAGE

WORLD

Source: QECD Global Plastics Qutlook Database G» OECD
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Plastic Wastes and Current Recycling

 Plastic waste globally: 2Mt in 1950, 260 Mt in 2018 and 350 Mt in 2023. [1. 2. 3]
« 48 Mt in the US (maijority polyolefins), contributing to 12.2% of all MSW. [?]

« Only 8.7% of plastic waste recycled in the US, mostly by mechanical routes. 4]

— Pyrolysis
Chemical/
Feedstock L Gasification
Plastic Recycling
wastes Economic viability? > Solvolysis

Environmental
impact? Biological
Does it work for all

Inert decomposing of plastics
mostly produce hydrocarbons

Biological processes struggle to
handle plastics with no
heteroatoms

plastic feedstock? %[ Non-thermal Plasma

L\\\/

IOWA STATE UNIVERSITY

Versatile upcycling of plastics to
functionalized chemicals

[1] McKinsey & Company
[2] US EPA, Environmental Protection Agency
[3] OurWorldinData 21

[4] US EPA, Environmental Protection Agency



CO, Utilization for Carbon Sequestration

Carbon dioxide uptake by forests,
biomass plantatons and degraded
p mine lands that are restored

* CO, releases mostly from fossil fuel

Dispersed CO:

COmbUSthn C:\)rrggrll-cl;?os:d
" (e.q. féjelsl, ptOW()er, || Wy
* CO, accounts for approximately 55% of the e ’ = - T ‘ ﬂ
yearly anthropogenic greenhouse gas o ‘ So” -] i *“M“M

am endments

[l

emissions responsible for global warming e PoTiEh - ~35
/Ak\

* GHG emissions have a detrimental effect on
the ecosystem and weather patterns methane

formations Depleted oil

Geological gas reservoirs
formations

Deep aquifer

* CO, utilization can reduce its concentration
in the atmosphere, and using CO, as a
carbon source can help reach global carbon
neutrality goals

Current carbon sequestration ideas [

[1] LeJean Hardin and Jamie Payne. Oak Ridge National Laboratory. http://www.ornl.gov/info/ornlreview/v33 2 00/research.htm

IOWA STATE UNIVERSITY




Preheating of the Reactor prior to the Plasma Actuation

* Pre-heating of the reactor to melt the
plastic.

* A higher atmospheric temperature can
lower the electricity conditions for the
plasma actuation.

* Increasing the temperature of the gas No compounds

will fasten the process of plasma

breakdown.
4 _—/’“‘_”//\MAI
® PI']OI' tO app1y1ng the plasma, the | N R R Y
plastic did not devolatilize, which is GCMS spectra of the sample with only pre-heating

proven by the GC/MS analysis of the
molten plastic.
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Thermal Conversion with CO, for Comparison

160

98.14

B Liquid/Oil [wt.%)]

98.21

400°C-60mL/min  450°C-80mL/min
Treatment time = 20 min

B Molten Plastic [wt.%]

98.29

450°C-60mL/min

99.07

450°C-40mL/min

* Thermal cases do not yield oxygenated products.
Only hydrocarbons were produced.

* The liquid yields were also lower compared to the
CO, plasma-based conversion of HDPE.

IOWA STATE UNIVERSITY

x10F

Thermal cases

FID2Z - B:Signal #2 COZ2P-PE-0085-Pyridinelery. D

450°C-40mLpm-20min

FIDZ - B:Signal #2 CO2P-PE-0080-PyridineDerv. D

450°C-60mLpm-20min

FIDZ - B:Signal #2 CO2ZP-PE-0051-PyridineDers.D

450°C-80mLpm-20min

FIDZ - B:Signal #2 COZP-PE-0083-PyridineDerv. D

400°C-60mLpm-20min

FID2 - B:Signal #2 CO2P-PE-00592-Preheat-450C-Pyridine. D

450°C-60mLpm-Preheating

J0 25 3 35 40 45 50 55 60 65
Response Units vs. Acguisition Time [min)



PE Conversion under CO, Plasma

mSolid Residue  @Liquid mm Solid Residue  COLiquid —&— CO2 convers an
:\5\120 994 100.5 100.8 2o oLs s 144
H 100 1o
+ CO, plasma can decompose s
. . = %/ 60 — 8 %
Polyethylene (PE) within 10 f [
. 2 20 2
mInUteS' 10 12.5 15 ’ 25 5 75 10 ’
Time (min) Tume [mim]
12.5 kV 15 kV
o ng heSt Ilquld yleld Of 1 1 1 .4 mmm Solid Residue ——Liquid —&— CO2 conversion B S olid Residue COLiquid —ke— CO2 conversion
0 - 120 0.5 1001 107.1 ll)ig 1 120 006 1015 1084 ”:1 12
wt% per PE mass was | 2 W
. é ) 6 2 ;;f &0 {88
achieved. SINEE “ik
E 40 S = a0 14 ;
S 20 127 20 2 "
0 0 0 0
. 25 5 75 10 25 5 75 10
* The conversion rate of both e

PE and CO, increased with 75 khz

Increased plasma voltage or
frequency.

IOWA STATE UNIVERSITY

8 kHz

T =350 °C; Q (tg) = 50 mL/min (13s)

Solid or liquid yield (wt%2)

Solid or liquid yield (wt%)

mmm Solid Residue ——Liquid —&—CO2 conv

ersion

10
120 105.9
9.9 102.1 107 .
100 @
80 16 &
a
60 | —“ S
{4
40 | S
20 | 1?2
0 0
25 5 75
Time (min)
mmm Solid Residue ——Liquid —&— CO2 conversion
10
120 98 102.4 104.3 106.4
100 8o
80 I
-
60 g
18
40 s
i @]
20 G 2
0 0

25

5 715
Time (min)

8.5 kHz

Fixed f = 8 kHz for voltage comparison
Fixed V = 15 kV for frequency comparison

10




NMR analysis Qf thId products All spectra: T=350°C; V=15kV; f=8kHz

R-CH,-CH,-R  R-CH;

(i) HDPE
OH
. H D P E R-CH,-CH,-R
(i) CO;, Plasma 2 R-CH, -0 COOH R-CH=CH, R-CH=CH, Lu
32.5 mL/min (20s) ' | - L S
OH (i) LDPE
!—A—\
COOH ~ ~ |
-0 | R-CH=CH, R-CH=CH, i L Uﬂ k
] | | | . R N | L W J. A J
o 1 T LWL
(i) CO,/O; Plasma (iii) PP
50 mL/min (13s) H
N} — ‘ Lj\ ull\—ﬂ_}u —
| | |, | ’ | 5 (ppm)
2 | Feedstock
(ppm) Functional Group
ol LDPE PP
asma type
Functional Group P Alcohols 72.6 69.8
CO, CO,/0, Carboxylic acids 2.6 3.3
Alcohols 54.3 74.9 Other oxygenated compounds 0.4 3.6
Carboxylic acids 16.2 5.1 Hydrocarbons 244 233
Other oxygenated compounds 33 1.6
Hydrocarbons 26.2 185 Different Polyolefin Comparison: CO,/O,, Q (tz) = 50 mL/min; (13s)
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Liquid Product Analysis of Air and Argon Plasma

Only hydrocarbons Oxygenates and Hydrocarbons

NLE. BB E R
II..IIL

Alcohols Carbonyls Carboxylic Acetoxy  Ethers Paraffins Olefins
Acids

Argon Air (15 min)

Selectivty [%]
4 tLh (=)
[ o (=]

=
o
Yield (wt%)
td
[a]

[ge]
(=]

—
=

L H H 0 R
15 25 30 35 40 45
Treatment time [min]
m Paraffins Olefins m Di-olefins

=

T=350°C; V=15kV; f=8 kHz; Q (tg) = 50 mL/min (13s)
Plasma Atmosphere Comparison
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Characterization of liquids obtained from different feedstock
and reaction conditions

*Reaction conditions

Liquid Elemental analysis A: PE, 350 °C, CO2 gas, 50 mL/min or 13s, 12.5kV, 8 kHz, 15 min (not
Condition yicil d Product carbon number distribution (wt%) (Wt%) included)
* . o . .
(%0) C: PE, 350 °C, CO2 gas, 50 mL/min or 13s, 17.5 kV, 8 kHz, 7.5 min
B 4282234 226 372 309 129 62 D: PE, 350 °C, CO2 gas, 50 mL/min or 13s, 15 kV, 7.5 kHz, 10 min
C 1059  39.6 33.3 20.1 129 82 131 47 B PE. 350 °C. CO2 sas. 50 mL/min or 136, 15 V. 8.5 Kiy. 10 mi
D 108.8 224 21.9 21.2 433 812 13 58 e gas, 50 mL/min or 13s, 15kV, 8.5 kHz, 10 min
E 106.4 39 1 259 271 15.0 806 13.1 6.3 F: PE, 350 °C, CO2 gas, 65 mL/min or 10s, 15 kV, 8 kHz, 12.5
F 80.6 15.6 13.1 12.0 399 828 133 39 G: PE, 350 °C, CO2 gas, 32.5 mL/min or 20s, 15 kV, 8 kHz, 10 min
G 109.9 50.1 24.4 19.2 162 796 126 7.8 H: PE, 300 °C, CO2 gas, 50 mL/min or 13s, 15 kV, 8 kHz, 20 min
H 1012 298 24.2 10.5 36.7 815 13.1 54 I: PE, 400 °C, CO2 gas, 50 mL/min or 13s, 15 kV, 8 kHz, 10 min
I 86.1 18.5 16.8 43.3 7.5 849 135 1.7 J: PE, 350 °C, CO2/02 gas, 50 mL/min or 13s, 15 kV, 8 kHz, 10 min
J 1207 644 37.1 13.2 6.0 767 121 112 K: PE, 350 °C, CO2/14%02 gas, 50 mL/min or 13s, 15 kV, 8 kHz, 7.5 min
K 1153 61.0 412 12.9 00 781 121 9.8 ) .
L: PE, 350 ° 2/02 2.5mL 20s, 15 kV, 8 kHz, 7.
L 1108 567 292 16.5 84 768 122 11.0 , 350°C, SO /02 gas, 32.5 mL/min or 20s, 15 kV, 8 kHz, 7.5 min
M 105.8 31.5 538 152 59 788 125 75 M: LDPE, 325 °C, CO2 gas, 32.5 mL/min or 20s, 15 kV, 8 kHz, 10 min
N 98.1 36.5 40.8 17.0 3.8 787 125 7.6 N: PP, 325 °C, CO2 gas, 32.5 mL/min or 20s, 15 kV, 8 kHz, 10 min
(0] 113.5 76.7 22.5 6.5 7.8 76.8 122 11 O: LDPE, 350 °C, CO2/02 gas, 50 mL/min or 13s, 15 kV, 8 kHz, 10 min
p 109.5 668 30.5 1.6 4.7 772 123 105 P: PP, 350 °C, CO2/02 gas, 50 mL/min or 13s, 15 kV, 8 kHz, 10 min
Q 1044 6Ll 233 1.1 89 805 124 7.1 Q: PC-PE, 325 °C, CO2 gas, 32.5 mL/min or 20s, 15 kV, 8 kHz, 10 min
R 111.1  60.1 32.7 15.6 2.6 77 121 109

R: PC-PE, 350 °C, CO2/02 gas, 50 mL/min or 13s, 15 kV, 8 kHz, 10 min
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Effect of Plasma Intensity on Liquid Products

40

50
40
30
9 S
z = 30
z 20 Z
3 320
| l |
m I
) l
0 ] B m
Alcohols  Carboxylic Carbonyls Olefins Paraflins Alcohols  Carboxylic  Carbonyls Olefins Paraffins
acids acids
15 kV, 8kHz 7.5 kHz
60 50
40
45
g g 30
Iy z
& 30 2
3 320
d.‘l L5
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Selectivity (%)

Effect of Plasma Intensity on Gas Products
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Effect of Flow Rate (Gas Residence) on Liquid Products
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Effect of Flow Rate (Gas Residence) on Gas Products
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Effect of flow rate in CO,/O, plasma
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Effect of increased mass loading in CO, .
Effect of sample surface length in CO, plasma
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Detailed Reaction Mechanism
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Isotopic study for reaction mechanism
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Mass spectra of 5-octadecene (C, H,,, Mw = 252) compared between *CO, plasma-based (upper) and regular (lower) molecules.
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Isotopic study for reaction mechanism
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Isotopic study for reaction mechanism
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Reproducibility of the plasma process

Reproducibility of the experiment using PE conversion by CO, plasma and #,= 13s as an example.
The reaction conditions: voltage 15 kV, frequency 8 kHz, CO, inlet flow rate of 50 mL/min, initial

reactor temperature 350 °C, reaction time 10 min.

Liquid Cco,
PE mass Reactor mass (g) Condenser mass (g) Liquid yield  conversion

Test No. (2) Before After Before After mass (g) (%) (%)
1 0.1532 26.2991 26.3065 180.4964  180.6585 0.1695 110.6 6.25
2 0.1481 26.5579 26.5993 169.8593  169.9832 0.1653 111.6 6.30
3 0.1528 26.7436 26.7846 181.8198 181.95 0.1712 112.0 6.27
Average (%) 111.4 6.27

Standard error (%) +0.7% +0.03%
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Mass closures of plasma-based co-conversion of plastics and CO, including all reactants and measured
products. The gas, liquid and solid residue yields are calculated based on the total reactant masses, which are
converted PE and CO, for the CO, plasma case, and converted PE, CO, and O, for the CO,/O, plasma cases.

Plastic tp Plasma Gas (%) Liquid (%) Solid Residue (%) Total (%)
PE 20 s CO, 13.4 83.5 0.0 96.9
PE 13s CO,/0, 10.3 87.7 0.6 98.6
PC-PE 13s CO,/0, 9.8 82.1 1.8 93.7

Moisture content of liquid products obtained from PE or PC-PE conversion using CO, plasma or CO,/O,
plasma. Reaction conditions: 15 kV, 8kHz, 10 min, #; is given.

PE PCPE
. fr=20= =13z =133

Moisture (%) =0 plasma COiplasma COyO:Plasma  COyO:Plasmz
06 02 0.5 0.7

IOWA STATE UNIVERSITY




Effect of plastic on CO, conversion during plasma-based co-upcycling
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Energy consumption of PE conversion by CO,/O, plasma

Energy consumed by the plasma process
was measured for CO,/O, plasma with
HDPE as a reference.

Energy spent in MJ was calculated per kg
of feedstock converted, considering
plasma energy and sensible heat.

The milligram scale reactor consumed
237.23 MJ/kg of energy.

When the process was scaled to a gram-
scale reactor, the energy consumed
dropped to 44 MJ/kg, showing the
potential for energy savings with scale-up.

IOWA STATE UNIVERSITY

Energy consumption of PE conversion by CO,/O, plasma in two reactor scales.

Run A Run B

PE (kg) 1.55 x 10* 1.015 x 1073
Converted CO> (kg) 3.8 107 1.08 x 10
Converted Oz (kg) 2.1x107 3.0 x 10°
Thermal energy (for pre-plasma heating) 3.02 x 10* 1.479 x 1073
(MJ)

COz: sensible heating* 1.57 x 10 524 x 10

O2: sensile heating* 8 x 10 43 %107

PE: sensile heating 1.1 x 10 7.31 X 10*

PE: latent heating for melting 2.7 %107 1.82 x 10™
Plasma energy (MJ) 5.0303 x 10~ 4.9234 x 1072
Total energy consumption (MJ) 5.0604 x 102 5.0713 x 107
Energy consumption per feeds (MJ/kg) 237.23 43.97

Reaction conditions:
Run A (0.15 gram) - 50 mL/min CO, with 8% v/v O,, 15 kV, 8 kHz, 10 min;

Run B (1 gram) - 100 mL/min CO, with 12% v/v O,, 15 kV, 7 kHz, 7.5 min.
* Calculated for the total flow-in CO, or O, gas mass at the inlet during the

pre-plasma heating stage.
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Measured Plasma Reactor Temperature
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Initial reactor temperature: 350°C; Fixed Flow Rate = 50 mL/min; Fixed Voltage = 15 kV; Fixed Frequency = 8 kHz

* Without external heating, the measured reactor temperature first increased and then

decreased.

* Higher voltage and frequency resulted in higher reactor temperatures.

* Higher plasma density under lower flow led to higher reactor temperatures.
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