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Polymers are not all born equal for recycling

Challenges and Incentives
for PMMA Recycling

Comparison with other Polymers

Jean-Luc DUBOIS - MMAtwo - Virtual Workshop on Polymer Recycling - Sept 15th 2020



33

PMMA:  high PMMA:  high PMMA:  high PMMA:  high value, value, value, value, but but but but lowlowlowlow volumevolumevolumevolume

Source: JL DUBOIS –November 20th 2018
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Polymers European market shares, Plastics Europe

Plastics converter demand by resin type (2016)
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PMMA Thermal depolymerization process
Radical Unzipping Mechanism
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PMMA Polymer

MMA,

Monomer

350 °C+
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30 kt/y

15 kt/y

25 kt/y

10 kt/y

7 kt/y

2019 PMMA scraps trade for 
depolymerization

To be further refined during the MMAtwo project

(Data collected from Customs, Traders, Recyclers)

200 kt/y prior to the import ban

100 kt/t after
(Source: Japan Chemical Daily, May 2019)
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Energy Consumption in 
Polymers production
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2020
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Water consumption and CO2 eq

emissions
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https://www.crmalliance.eu/critical-raw-materials

Incentive for Recycling
Critical Raw Materials
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https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en

Critical raw materials
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C3 (Acetone) Route to MMA: 
Synthesis process used in EU
(based on MMA eco-profile)

2020 Critical Raw Materials (mg/kg MMA C3 route)
Antimony Gallium Phosphate rock 

1.88 E-5 1.6 E-6
Baryte Germanium Phosphorus Heavy Rare Earth Elements 

2298 139 Europium: 3.06 E-3
Bauxite Hafnium Scandium

Beryllium Indium Silicon metal Light Rare Earth Elements 

1 E-03 2.45 10-6 Lanthanum: 0.366
Bismuth Lithium Strontium Cerium: 1.22

1.14 E-6 Neodynium: 0.202

Borate Magnesium Tantalum Samarium: 1.53 10-2

0.0048 6.73E-03 1.53 E-3
Cobalt Natural Graphite Titanium Platinum Group Metals 

5.75 E-4 8.11 E-3 Palladium: 1.84 10-3 

Coking Coal Natural Rubber Tungsten Platinum: 0.307

Rhodium: 1.12 10-3

Fluorspar Niobium Vanadium Rhenium: 7.67 10-6

93.5 20.8 Ruthenium: 6.95 10-6
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C4 Routes:
Isobutene Oxidation: Mo-Bi-Fe-Ni-Co-P-W-O…

Methacrolein Oxidation: P-Mo-V-Cu-Cs-O…

Methacrolein Oxyesterification: Pd-Pb or Au-Ni

C2 Routes:
MethoxyCarbonylation of ethylene: Pd, P

Hydroformylation: Rh, P

Aldolization: Cs-Zr-X

Oxyesterification: Pd-Pb, Au-Ni

Methacrolein Oxidation: P-Mo-V-Cu-Cs-O…

MMA C2 and C4 routes: 
Catalysts used
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https://doi.org/10.1039/C8CS00117KCatalysis for the synthesis of methacrylic acid and methyl methacrylate.
•Mohammad Jaber Darabi Mahboub, Jean-Luc Dubois, F. Cavani, Mohammad Rostamizadeh, Gregory S. Patience
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The crude MMA samples obtained at 

bench scale were further purified by 

Speichim to above 99 % purity 

grade. 

The mass yield of high purity 

monomer from PMMA waste ranges 

from 64 to 85 wt %. All PMMA 

wastes were successfully converted 

to high quality monomer.

Mass Balance: 
Plastic to Monomer/Polymer 
(data from MMAtwo)

Source: MMAtwo Newsletter N° 2

Available on MMAtwo website
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Mass Balance Incentive:

Plastic to Polymer Yield

PMMA Case study: 64 to 85 wt % yield

Polyolefins Case study: Process
• Pyrolysis of pure or mixed polyolefins to liquids (yield about 75 wt %)
• A part of the liquid is Naphtha like (about 70 wt %)
• Yield of a Naphtha Steam Cracker to Ethylene: e.g. 32 %, and to Propylene: 16 %.
• Global yield PE to PE = 75 % * 70 % * 32 % = 17 wt %; and 
• Global yield Mixed Polyolefins to Mixed Polyolefins = 75 % * 70 % * 50 % = 26 wt %
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https://www.nexant.com/resources/crude-oil-chemicals-back-fundamentals Source: Recycling Technologies
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Hypothesis GHG emissions Non-renewable energy

Waste collection 500 km average distance 0.147 kg CO2 eq /kg rMMA 2.358 MJp/kg waste

Sorting, washing Similar to other plastics 0.028 kg CO2 eq /kg waste 0.335 MJp/kg collected waste

Grinding Similar to other plastics 0.118 kg CO2 eq /kg rMMA 1.426 MJp/kg rMMA

Depolymerization 5 MJ/kg crude rMMA

@ 80% yield after 

distillation

0.413 kg CO2 eq /kg rMMA 5.974 MJp/kg rMMA

Purification 50% self sufficiency by 

burning lights and heavies

0.500 kg CO2 eq /kg rMMA 7.240 MJp/kg rMMA

TOTAL 1.205 kg CO2-eq/kg rMMA

i.e. -65% vs. virgin MMA 

(3.470 kg CO2-eq/kg)

17.333 MJp/kg rMMA

i.e. -77% vs. virgin MMA 

(74 MJp/kg)

Impact : environment & people

GHG emissions and Non-Renewable

Energy consumption estimates

(MMAtwo project targets)
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Review of 

PMMA 

depolymerization 

technologies
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PMMA depolymerization technologies

Dry Distillation technologies -

Still in use in many countries
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In 1936, Daniel Strain from DuPont, 

patented (US2030901) the 

depolymerization of PMMA in a distillation 

unit equipped with a condenser (so-called 

Dry distillation method). An 88 % yield was 

obtained and the recovered MMA could be 

repolymerized. Other patents on the 

purification of the recovered MMA followed.

Low Capex

Product quality

High Opex
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PMMA depolymerization technologies

Molten metal bath process
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STATE OF THE ART TECHNOLOGY

Molten-Lead bath process Technology

Figure extracted from US Patent

2 858 255, (1958), E. Domingo Segui

and B. Cabanero Alarcon.

Proven technology. 

High track record with high 

quality wastes.

Still in use in Europe

Generate solid residues

contaminated with the metal
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Other molten metals and 

salts…
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Other metals and metal salts (ex 

US 3 886 202, (1975) assigned to 

Denshi Kagaku KK, T. Tatsumi, H. 

Yoshihara, G. Uesaka) have been 

proposed to replace lead, but 

lead still offers the best 

performance.

Examples illustrate the process 

with Lithium chloride-Potassium 

chloride salts as heat transfer 

medium.
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PMMA depolymerization technologies

High Boiler solvent
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Depolymerization in the presence of a high boiler solvent US 2470361, Isador Miller 

and Arthur L Beiser. In a practical example as much high boiler solvent as PMMA are 

heated together under vacuum from 200 to 340 °C. Both solvent and MMA are 

condensed and MMA is distilled at atmospheric pressure. Solvent and remaining 

MMA are reused of a subsequent batch. This process has the disadvantage that some 

impurities will accumulate in the solvent, and that solid residues from the PMMA will 

be contaminated with solvents, leading to significant losses.

Might be interesting for mixed 

streams

High Energy consumption

Generate solid residues

contaminated with the solvent
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PMMA depolymerization 

technologies: Super heated steam
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Flowsheet of the Superheated steam process, 

US Patent US3494958. Ground polymer below 

centimeter size is used in the process and 

superheated steam is used as heat carrier. The 

teaching of this patent is that the monomer 

would be rather stable in presence of steam 

and would not hydrolyze easily. This would be 

in contradiction with other results from the 

other processes in absence of steam that 

report the presence of methanol and water 

among the products.

MMA is not soluble in water, 

easy separation

High Energy consumption
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PMMA depolymerization technologies

Fluid bed processes

Jean-Luc DUBOIS - MMAtwo - Virtual 
Workshop on Polymer Recycling - Sept 15th 
2020

The fluid bed technology was also investigated by ICI in 

collaboration with Mitsubishi Rayon, and later by Du Vergier US 

5 663 420 (1997), P.W. Vaughan, D.J. Highgate and Kaminsky et al. 

(J Anal. App. Pyrolysis 19 (1991) 311-318). In this endothermic 

process, the heat transfer medium is a hot sand bath which is 

circulated to be reheated in a separate capacity. Any remaining 

polymer is also burned before being returned to the reactor. The 

PMMA scraps are injected in the fluid bed and depolymerize when 

in contact with the hot sand. The carbonaceous materials 

produced and the PMMA residues are withdrawn with the sand 

and burned while reheating the sand which is returned to the 

reactor. 

Mitsubishi Rayon has been operating a 

fluidized bed pilot unit of 2000 t/y capacity, 

maybe according to its US Patent 8 304 573

(2012) A Sasaki, N. Kikuya, T. Ookubo, M. 

Hayashida (and EP2157075B1). Some 

details on the process have also been 

reported in conferences

Heat transfer

High Energy consumption

Reactor unstability
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Spouted bed
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PMMA depolymerization technologies

Rotary kiln vs Auger Screw

Jean-Luc DUBOIS - MMAtwo - Virtual 
Workshop on Polymer Recycling - Sept 15th 
2020

Emig et al. compared the fluid bed technology 

and the “extruder” type technology, such as 

developed by Rohm with high sand to polymer 

mass ratios, and recommend to investigate a 

rotary kiln reactor. 

“Chemical Recycling of Polymer Materials”, 

Frank Sasse and Gerhard Emig, in Chem. Eng. 

Technol., 21 (1998) 10

The dry distillation is probably the oldest process: British Patent GB460009 (1937) assigned to Rohm and Haas 

and US Patent 2 030 901, assigned to DuPont, 1936 – D.E. Strain. GB460 009 describes a process where PMMA is 

heated with hot sand over several hours. Char material remains in the sand and small amount of methanol and 

water are produced.. In the former case, the PMMA is contacted with sand and heated for several hours

Simple technology

Additional heat transfer medium.

Scale-up
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PMMA depolymerization technologies

Conveyor (Auger Screw) and Paddle reactors
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Metallgesellscahft Aktiengesellschaft and Rohm 

GmbH Chemische Fabrik, investigated a process 

combining a circulation of hot sand as heat 

carrier (to reheat the sand) and a conveyor 

where the polymerization takes place. US 

6 469 203 (2002) H.-J. Weiss, J. Schmalfeld, U. 

Zenter, T. Groschang, U. Gropp, W. Fuss, R. 

Goedecke, E. Schöla.

Figure from US patent application 

2006/205845 assigned to Roehm GmbH, 

Egbert Schola and Mojmir Ruzicka. According 

to this process the PMMA scraps are fed in a 

paddle-reactor (rotating paddles) and a hot 

solid medium is placed in the capacity to 

transfer heat from external part of the reactor 

to the PMMA. The vapors are continuously 

removed and fine particles are trapped.
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PMMA depolymerization technologies

Microwaves processes
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US6160031 (2000) assigned to AECI 

described a depolymerization process 

using microwaves. As the 

depolymerization takes place at high 

temperature close to the self-ignition 

temperature, the reaction has to be 

carried out in a controlled environment. 

No specific effect of microwaves were 

demonstrated besides the heating effect, 

which make microwave an expensive way 

of heating polymers. 

Direct Heat transfer

Lack of proven track record

Scale-up issues 
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Recent announcement:

Agilyx
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PMMA depolymerization PMMA depolymerization PMMA depolymerization PMMA depolymerization technologiestechnologiestechnologiestechnologies

ScrewScrewScrewScrew/extruder /extruder /extruder /extruder processesprocessesprocessesprocesses
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SELECTED TECHNOLOGY

In a more recent patent (priority 1997), Japan

Steel Works describes another extruder type

equipment, JP3410343, in which the

depolymerized products is discharged at the

end of the screw and solid residues are

collected separately.

The reactive extrusion-depolymerization is

illustrated in a number of patents, including

US 3 959 357 (1976) assigned to Japan Steel

Works, H. Tokushige, A. Kosaki, T. Sakai. This

process uses single or twin screw extruder,

and heat is provided internally and externally.

The monomer produced by the

depolymerization is discharged through

venting orifices and condensed externally.
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MMAtwo twin-screw in JSWEurope
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JSW and Kosui Chemical (a small Japanese PMMA producer) developed a depolymerization process using a 

twin screw extruder technology in 1995. The MMA is produced at high temperature (400-500°C) from the 

electric heater and shearing from the mixing screw in the twin-screw extruder. The produced MMA is 

captured at the end of the twin screw extruder, cooled in a heat exchanger and purified. The PMMA 

depolymerization unit at Kosui chemical was operated about 5 years. 
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MMAtwo Pilot plant

in operation
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MMAtwo first depolymerization 
pilot tests completed (June 2020)
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Recycled Methyl Methacrylate through PMMA depolymerization
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Rotating Drum reactorDry Distillation Still reactor

Auger reactor
(w or w/o circulating solid)

Fluid Bed reactor

Molten Metal reactor

Microwave or Induction 

reactors (not shown)

Twin-Screw reactor

Rotating Paddle reactor

Picture borrowed

From Recycling Technologies
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Benchmarking and survey of alternative 

technologies (recycled MMA) – more to come…

6.80-7.17 

MJ/kg

10.5 

MJ/kg

25.5 

MJ/kg 
<15 MJ/kg 

MMA (processs

energy)

98.0 %
99.5 %

(guessed)
(cast sheet 

grade)

99.8 %
(claimed 

from cast)

97.7 % MMA 
+ 1.8 % MA

(claimed from 
extrusion)

14.7 

MJ/kg Energy demand  at

Pretreatment, Grinding,

Cracking and Purification

(cast sheet 
grade)

Including energy from side products burned on site

9.3 

MJ/kg

99.5 %
(guessed)
(cast sheet 

grade)

95.0 %Purity

Process 

CO2

0.55 kg 
CO2/kg

0.81
kg/kg

1.83 
kg/kg

0.96 
kg/kg

0.91 
kg CO2/kg

0.72 
kg/kg

0.48 –
0.88 kg 
CO2/kg

M1 M2a M3a M3bM2b M4.1

& .2

8.15 

MJ/kg 

Targets
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Closed

facility

Possible new 

plant

Molten metal

Technology

Dry distillation 

Technology

Rotating Drum

Technology

Unknown (yet) 

Technology

Americas

2 000 t+

5-10 companies

Europe

7-10 000 t

3-5 companies

Middle East 

5-10 000 t

2-3 companies

India

Bengladesh

Sri Lanka 

Pakistan 

Malaysia 

20 -30 000 t+

>30,  leaders

China 

Vietnam

100 000 t

Many, 2 leaders

Jean-Luc DUBOIS - MMAtwo - Virtual Workshop on 
Polymer Recycling - Sept 15th 2020

Recycled Methyl Methacrylate World Map

Recycled MMA World Map
Prepared by Jean-Luc DUBOIS (Arkema) 
with Simon Van der Heijden (Heathland)
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To learn more about MMAtwo…
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Second Generation MethylMethAcrylate

Thank you for your attention

Contact me to share informations
Virtual 

Workshop on 

Polymer 

Recycling 

Sept 15th 2020

Jean-Luc DUBOIS
jean-luc.dubois@arkema.com


