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Synthetic Plastics
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(PET)
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(GPPS)

High Impact PS
(HIPS)

· Hard but brittle
· Colorless and
  transparent

· Copolymer
· High impact
  resistance
· Milky white

n

H
N

O
nylon 6,6

O

H
N

4
6

Expanded PS
(EPS)

· High impact
  resistance
· High thermal
  Insulation
  Performance
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Problems of Synthetic Plastics (1)

Cl

n

poly(vinyl chloride)
(PVC)

burned at
low temp.

O

O

Cl

Cl

Cl

Cl

2,3,7,8-tetrachlorodibenzodioxin
(TCDD)

(<800 ºC)

· carcinogenicity
· teratogenicity
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Problems of Synthetic Plastics (2)

1) Geyer, R.; Jambeck, J. R.; Law, K. L. Sci. Adv. 2017, 3, e1700782.

(1950 to 2015, x 106 tons)
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Pyrolysis of Polyethylene and Polypropylene

1) Miao, Y.; von Jouanne, A.; Yokochi, A. Polymers, 2021, 13, 449.

catalyst
>220 ºC

pyrolysis

R

n

· High temperature and high cost

Oil, Gas (C3 ~ C5 etc.)

catalyst: zeolite or silica-alumina
(R = H or Me)
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Hydrolysis of PET and Nylon 6,6

1) Siddiqui, M. N.; Achilias, D. S.; Redhwi, H. H.; Bikiaris, D. N.; Katsogiannis, K.-A. G.; Karayannidis, G. P.
Macromol. Mater. Eng. 2010, 295, 575.

2) Dimitris, S.; Achilias, L. Material Recycling - Trends and Perspectives 2012, 3, 64.
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NaOH, H2O
180 ºC, <1 h

CO2H

CO2H

HO
OH

microwave (46 W)

aq. H2SO4

HO2C CO2H4

H2N NH2
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Previous Chemical Recycling of PS

1) Kim, J.-S.; Lee, W.-Y.; Lee, S.-B.; Kim, S.-B.; Choi, M.-J. Catal. Today 2003, 87, 59.
2) Zhang, G.; Zhang, Z.; Zeng, R. Chin. J. Chem. 2021, 39, 3225.
3) Lewis, S. E.; Wilhelmy, B. E.; Leibfarth, F. A. 2019, 10, 6270.

Fe-K/Al2O3
Ph

n

PS

Ph

72.9%

360 ºC

FeCl3, n-Bu4NCl
Cl3CCH2OH, acetone

Ph

n

PS 67%

blue LED (390 nm)
O2 balloon
rt, 5 days

Kim et al., 2003

Zeng et al., 2021

PhCO2H

Ph

n

PS

pyridine N-oxide
Ru(pby)3Cl2, CH2Cl2

blue LED (420 nm), rt

Leibfarth et al., 2019

n

CxF2x+1
F2x+1Cx O CxF2x+1
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Prof. Xiao

1) http://pcwww.liv.ac.uk/~jxiao/index-1.html

1982   B.S. @ the Northwest University
~1992 Ph.D @ the University of Alberta
1992 Postdoctoral Fellow 

(Prof. Richard J. Puddephatt)
1994 Joined the ERATO Molecular

Catalyst Project (Prof. Noyori)
1996 Principal Scientist

@ the University of Liverpool
2005   Professor @ the University of Liverpool
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Chemical Recycling of Polystyrene by Xiao’s Group

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.

p-TsOH·H2O (5 mol%)
PhH/MeCN (1/1, 1 M)

405 nm (9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

Ph

n

· Low cost   · Mild reaction conditions
· Green chemistry   · High selectivity
· Commodity chemicals were obtained.
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Necessity of Acid-catalyst and Light

Acid
PhH/MeCN (1/1, 0.5 M)

Light (405 nm, 9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

Ph

n

104 mg
(1 mmol of single

repeat unit)
1 2 3

b) based on the single repeat unit (1 mmol) of PS
c) NMR yield (internal standard: 1,3,5-trimethoxybenzene)
d) without light
e) The light (365 nm) was used.
f) The light (475 nm) was used.

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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Optimization of Acid-catalyst

Acid (5 mol%)
PhH/MeCN (1/1, 0.5 M)

Light (405 nm, 9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

Ph

n

104 mg
(1 mmol of single

repeat unit)
1 2 3

b) based on the single repeat unit (1 mmol) of PS
c) NMR yield (internal standard: 1,3,5-trimethoxybenzene)     i) PhH/MeCN (1/1, 1 M)

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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Solvent Effect

H2SO4 (10 mol%)
solvent (0.5 M)

Light (405 nm, 9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

Ph

n

104 mg
(1 mmol of single

repeat unit)
1 2 3

b) based on the single repeat unit (1 mmol) of PS
c) NMR yield (internal standard: 1,3,5-trimethoxybenzene)
c) isolated yield in parentheses

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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Optinization of the details

p-TsOH·H2O (X mol%)
PhH/MeCN (1/1, 0.5 M)

Light (405 nm, 9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

Ph

n

104 mg
(1 mmol of single

repeat unit)
1 2 3

b) based on the single repeat unit (1 mmol) of PS
c) NMR yield (internal standard: 1,3,5-trimethoxybenzene), isolated yield in parentheses
g) 10 h  h) 24 h  i) PhH/MeCN (1/1, 1 M)

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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Application to Flow Reaction

p-TsOH·H2O (5 mol%)
PhH/MeCN (1/1, 2 M)

Light (420 nm, 132 W)
O2 (6 bar), 70 ºC, 16.7 min x3

OHH

O

OHPh

O

Ph

n

1.04 g
(10 mmol of single

repeat unit)
44% 35%

or
405 nm, 60 W, 70 ºC

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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Analysis of the Reaction Mechanism (1)

p-TsOH·H2O (5 mol%)
PhH/MeCN (1/1, 1 M)

Light (405 nm, 9 W)
O2, rt, 15 h
additive

(a, b, or c, 5 equiv)

OHH

O

OHPh

O

MePh

O

Ph

n

104 mg
(1 mmol of single

repeat unit)
1 2 3

additive: a)NaN3 (1O2 scavenger)

                b)                                    (1O2 trap)

                c)TEMPO (radical scavenger)

Ph

Ph

1, 2. 3: 0%

·1O2 is involved in the reaction.
·The reaction occur via radical pathway.

How to generate 1O2?

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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How to Generate 1O2?

Ph

n

acid
[PS---H]

hν (405 nm)
[PS---H] *

3O2
1O2

PSbp

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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Oxidation of 1,3-Diphenylbutane

PhPh

model substrate
(0.5 mmol)

p-TsOH·H2O (5 mol%)
PhH/MeCN (1/1, 1 M)

405 nm (9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

Ph

n

(1 mmol of single
repeat unit)

(67%) (51%) (2%)

p-TsOH·H2O (10 mol%)
PhH/MeCN (1/1, 0.5 M)

405 nm (9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

(0.55 mmol) (0.39 mmol) (0.33 mmol)

PhPh

OHH

O

OHPh

O

MePh

O

a a b

aa, bOHH

O

OHPh

O
2 2

path Xpath Y

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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DFT Calculation for Conformation of Peroxide

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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Decomposition of Peroxide

OOH

PhPh

(0.5 mmol)

p-TsOH·H2O (5 mol%)
PhH/MeCN (1/1, 0.5 M)

405 nm (9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

44% 23% 21%

OOH

PhPh

(0.5 mmol)

p-TsOH·H2O (5 mol%)
PhH/MeCN (1/1, 0.5 M)

405 nm (9 W)
N2, rt, 15 h

Ph
MePh

O

23% 39%

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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DFT Calculation for Decomposition of Peroxide

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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Reaction Mechanism
–Oxidation of 1,3-Diphenylbutane-

PhPh

H

PhPh

p-TsOH·H2O (10 mol%)
PhH/MeCN (1/1, 0.5 M)

405 nm (9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

1O2

PhPh

H

PhPh PhPh

OOHO O HOO

PhPh

O

PhPh

O

H
O

HO

PhPh

O

Ph Ph
OH

Ph

H
O

OH

H2O2

OH MePh

O

OHH

O

OHPh

O

1O2

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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Proposed Reaction Mechanism
–Recycling of Polystyrene-

p-TsOH·H2O (10 mol%)
PhH/MeCN (1/1, 0.5 M)

405 nm (9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

1O2

Ph Ph

HOOHOO

Ph

n

Ph

H

Ph

O

- H2O2

+ OH

Ph

+ H2O2

- OH
Ph

OH

H

Ph

OH

HOO

Ph

OH

O

1O2

OH H2O2

Ph
OH

O

OHH

O

OHPh

O

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.



26

Contents

1. Introduction of Synthetic Plastics

2. Previous Method of Chemical Recycling of
Synthetic Plastics

3. Chemical Recycling of Polystyrene via Acid-
Catalyzed Aerobic Oxidation

4. Summary



27

Summary

p-TsOH·H2O (5 mol%)
PhH/MeCN (1/1, 1 M)

405 nm (9 W)
O2, rt, 15 h

OHH

O

OHPh

O

MePh

O

Ph

n

· Low cost   · Mild reaction conditions

New 1O2 generation mechanism

·Application to larger scale
·Chemical recycling of other plastics or mixture

-Remaining Tasks-

1) Huang, Z.; Shanmugam, M.; Liu, Z.; Brookfield, A.; Bennett, E. L.; Guan, R.; Herrera, D. E. V.; Lopez-Sanchez,
J. A.; Slater, A. G.; McInnes, E. J. L.; Qi, X.; Xiao, J. J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c01410.
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Appendix
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Oxidation of Phenethylalcohol

1) Sagadevan, A.; Hwang, K. C.; Su, M.-D. Nat. Commun. 2017, 8, 1812.

p-TsOH·H2O
PhH/MeCN (1/1)

405 nm (9 W)
O2, rt

OHH

O

OHPh

O

OH
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OH
Ph

1O2
HOO

H
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Ph OH
Ph
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+ H
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OH2H2O

OHH

O

OHPh

O


