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Lignin Valorization: A Case for Depolymerization
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Lignin Valorization: A Case for Depolymerization
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Applications of Lignin – Lignosulfonates
World Consumption – 1.3 million metric tons (growth 1.6% to 2024)

World consumption of lignosulfonates by major region and application—2019 
(thousand of metric tons, 100% solids basis)

United
States

Western
Europe

Mainland
China Japan Total Percent of

total

Dispersants 111 173 103 32 418 56

Binders and 
adhesives 118 47 105 22 291 39

Chemicals 
and other 12 2 22 5 41 5

Total 241 222 229 59 751 100%

Source: IHS Markit

Concrete admixtures – largest sector (dispersant) – use has stagnated or 
even declined due to competition with polycarboxylate-based products

Lignin deconstruction

Most end uses already established

ChemSusChem 2017, 10, 1861–1877

Value ($/metric ton): liquid 100-300, solid 600-900 

$229/kg
$1150/metric ton
Market: 3000 TMT

$1400/metric ton
Market: 6000 TMT

TMT = thousand metric tons
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Theoretical Yields of Monomers Through C–O Bond Cleavage Possible

Biomass

Reductive catalytic fractionation

C
−
O (Aryl ether) bond cleavage
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Theoretical Yields of Monomers Obtained: 20-40 wt%
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Values taken from pine and poplar biomass:  Anderson, E. M. et al. Nat. Comm. 2019, 10, 2033; Thi, H. D. et al. Green Chem. 2022, 24, 191-206.

Lignin First Biorefinery: active stabilization approaches that solubilize lignin from native lignocellulosic biomass while 
avoiding condensation reactions that lead to more recalcitrant lignin polymers Energy Environ. Sci., 2021, 14, 262-292
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Only One Report of C–C Bond Cleavage of RCF Oligomers
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• Performed with 400 wt% of oxidant
• Oxidant can be subsequently regenerated electrochemically
• Exploits the reactivity of phenols for C–C cleavage

State of the Art:

E. Subbotina, T. Rukkijakan, M. D. Marquez-Medina, X. Yu, M. Johnsson and J. S. M. Samec, Nat Chem, 2021, 13, 1118-1125.
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Can We Cleave C–C Bonds Catalytically into Bioavailable Products?

Haber-Weiss Cycle
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Precedent on C–C Bond Cleavage

Partenheimer, W. Catal. 
Today 2003, 81, 117–135Partenheimer, W. Catal. Today, 1995, 23, 69-158

MC Process Simplified Scheme

Mo, Zr, and Hf often added as 
promoters
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Can We Cleave C–C Bonds Catalytically into Bioavailable Products?

Haber-Weiss Cycle

Co(III)
−
OH + PhCH2OCo(II) + PhCH2OOH(1)

k1

(2) Co(III)
−
OH + PhCH2OOH Co(II) + PhCH2OO + H2O

k2

Partenheimer, W. Catal. Today, 1995, 23, 69-158

MC Process Simplified Scheme MC Catalyst on Lignin

Partenheimer, W. Adv. Synth. Catal. 2009, 351, 456–466;
Clatworthy, E. B. et al. Catal. Sci. Technol. 2019, 9, 384-397.
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Can We Cleave C–C Bonds with a Manganese Catalyst?

Bystrzanowska, M. et al. ACS Sustainable Chem. Eng. 2019, 7, 18343-18443.
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Can We Cleave C–C Bonds with a Manganese Catalyst?

Bystrzanowska, M. et al. ACS Sustainable Chem. Eng. 2019, 7, 18343-18443.

Cobalt – $34,800 / ton
Manganese – $1,800 / ton

Wood Mackenzie Group, Dec 2020

50 million tons of lignin produced annually in 
industry

Gosselink, R.J.A. et al. Ind. Crops Prod. 2004, 20, 121−129.

29,400 tons Cobalt
27,400 tons Manganese

$1.02 billion / year Cobalt
$49.3 million / year Manganese

Our aim is to achieve lignin 
deconstruction to aromatic 

monomers using a Mn-based 
catalyst system 
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Methyl Protection and Zirconium Cocatalyst for Successful C–C Cleavage
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How Does Zirconium Promote Co/Mn-catalyzed Autoxidation

Benson, D. et al. Discussion Farad. Soc. 1960, 29, 60-72
Steinmetz, G.R. et al. J. Mol. Cat.1988, 49, L39-L42.

Gould, E. S. et al. J. Am. Chem. Soc. 1973, 95, 5198-5204.
Hermans, I. et al. Chem. Eur. J. 2010, 16, 13226-13235.

Jones, G. H. et al. J. Chem. Soc., Chem Commun. 1979, 536-537.
Kochi, J. K. et al. J. Inorg. Nucl. Chem. 1971, 4101-4109; and refs therein.

Chester, A. W. et al. J. Catal. 1977, 46, 308-319.
Partenheimer, W. et al. J. Mol. Catal. Chem. 2001, 174, 29-33.

Partenheimer, W. J. Mol. Catal. Chem. 2003, 206, 105-119.
Partenheimer, W. J. Mol. Catal. Chem. 2003, 206, 131-144.

Zuo, X. et al. Ind. Eng. Chem. Res. 2008, 47, 546-552.
Partenherimer, W. et al. Adv. Synth. Catal. 2001, 343, 102-111.

Literature on Cobalt / Zirconium Solution Kinetics

NREL / SLAC Collaboration: Asundi, A. S. et al. J. Phys. Chem. C. 2023, In press. DOI: 10.1021/acs.jpcc.3c03216
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How Does Zirconium Promote Co/Mn Autoxidation
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Gould, E. S. et al. J. Am. Chem. Soc. 1973, 95, 5198-5204.
Hermans, I. et al. Chem. Eur. J. 2010, 16, 13226-13235.

Jones, G. H. et al. J. Chem. Soc., Chem Commun. 1979, 536-537.
Kochi, J. K. et al. J. Inorg. Nucl. Chem. 1971, 4101-4109; and refs therein.

Chester, A. W. et al. J. Catal. 1977, 46, 308-319.
Partenheimer, W. et al. J. Mol. Catal. Chem. 2001, 174, 29-33.

Partenheimer, W. J. Mol. Catal. Chem. 2003, 206, 105-119.
Partenheimer, W. J. Mol. Catal. Chem. 2003, 206, 131-144.

Zuo, X. et al. Ind. Eng. Chem. Res. 2008, 47, 546-552.
Partenherimer, W. et al. Adv. Synth. Catal. 2001, 343, 102-111.

Literature on Cobalt / Zirconium Solution Kinetics
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Zirconium allows competitive conversion to carboxylic 
acid products as opposed to unidentified ones 

Effect of Zr on Selectivity

Partenherimer, W.; Grushin, V. V. Adv. Synth. Catal. 2001, 343, 102-111.
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Demonstration of C–C Bond Cleavage on Model Dimers

β-1

β-β
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Demonstration of C–C Bond Cleavage on Model Dimers
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Pine Oligomer Substrate Prepared by Methylation and Distillation

Molecular Weight (g / mol)
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Optimization of Mn-Autoxidation of Pine Oligomers in Batch
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Optimized Mn-Autoxidation of Pine Oligomers in Batch

A

0.008(2)0.031(8)

0.58(9) 0.18(10) 0.092(2)

0.05(2) 0.033(9) 0.032(7)

B~20 wt%
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Optimized Mn-Autoxidation of Pine Oligomers in Batch
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On the Academic Job Market this Year…

Chad T. Palumbo, Ph.D.
email: palumbochad@gmail.com 

On the job market…

mailto:palumbochad@gmail.com
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Studies of Stability of Carboxylic Acids in Autooxidation Conditions
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The Cumene Process and Hock Rearrangement
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Preparation and Autooxidation of Methylated Poplar Oligomers
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Preparation and Autooxidation of Methylated Poplar Oligomers

d f

0.243(2) 0.187(5) 0.164(3)

0.125(5) 0.121(7) 0.047(3)

0.0310(5) 0.012(1) 0.012(7)

0.011(8) 0.007(5)

e
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Bioconversion Pathway
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