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Mechanistic insights into alkaline earth metal ion-
catalyzed pyrolysis of lighin monomers: Pathways to
CO and CO, evolution
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Abstract: In this study, sixteen types of lignin monomer model compounds with aldehyde and carboxyl substituents at the C, or C;, positions
were selected, representing phenyl, p-hydroxyphenyl, guaiacyl, and syringyl structural units. The catalytic effects of alkaline earth metal ions
(Ca® and Mg™) on the formation of CO and CO, during lignin pyrolysis were investigated by using density functional theory (DFT)
calculations. The results revealed that Ca’** and Mg®" readily coordinate with oxygen-containing functional groups in lignin model
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compounds, forming stable complexes with lower energy states. When aldehyde, carboxyl, phenolic hydroxyl, and methoxy groups coexist,

the optimal binding sites for Ca®>* and Mg®* are O(phenolic hydroxyl)-Ca®/Mg*—O(methoxyl) configurations. During the pyrolysis process

of lignin monomers, Ca®>" and Mg** selectively promote the decarbonylation of benzaldehyde-type and phenylethanal-type lignin monomer

model compounds (excluding phenylethanal and 4-hydroxyphenylethanal), thereby enhancing the generation of CO. Conversely, except for

the Ca**-catalyzed decarboxylation of 4-hydroxy-3-methoxyphenylethanoic acid, Ca*" and Mg** can suppress the decarboxylation of benzoic

acid-type and phenylacetic acid-type lignin monomer model compounds, resulting in the reduction of CO, formation.

Key words: lignin; alkaline earth metal ions; catalytic pyrolysis; density functional theory
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Fig. 3 The optimal geometric configurations of the lignin monomer model compounds M, and M, catalyzed by

alkaline earth metal ions (unit: nm)
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Table 1 Reaction energy barriers for decarbonylation of lignin monomer model compounds M, and M,, under non-catalytic and
alkaline earth metal ion-catalytic conditions
Substituent Catalyzed Numerical difference
T Hbstiuen Uncatalyzed /(kI'mol ) /(kJ-mol ')
ype 1
/(kJ-mol ) 2+ 2+ 2+ 2t
R, R, R, Ca Mg Ca Mg
Benzaldehyde-type M, H H H 383.8 345.7 3113 —38.1 =725
lignin monomers M, OH H H 388.7 317.1 280.6 -71.6 -108.1
M,; OH OCH, H 389.2 325.2 315.8 —64.0 —73.4
M,, OH OCH; OCH; 387.9 324.8 318.1 —63.1 —69.8
Phenylethanal-type M,, H H H 329.9 398.9 365.1 69.0 35.2
lignin monomers M,, OH H H 3322 375.5 371.2 43.3 39.0
M,; OH OCH; H 336.4 290.8 291.2 —45.6 —45.2
M,, OH OCH; OCH; 328.1 294.6 290.9 -33.5 -37.2
=1 Uncatalyzed 315.9 kJ/mol; iaﬁﬁfcﬁﬁii'ﬁkj@;ﬂ{t%%
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®2 WIsBETFERULAEELEFETREZEFEBLEY M, M, REERMAEEL
Table 2 Reaction energy barriers for decarboxylation of lignin monomer model compounds M;, and M,, under non-catalytic and
alkaline earth metal ion-catalytic conditions

Substituent Uncatalyzed Catalyzgcli Numerical dit:flerence
Type 4 /(kJ-mol ) /(kJ-mol )

R, R, R, J(idmol ) ca”’ Mg2+ ca’ Mg2+

Benzoic acid-type My, H H H 299.9 3597  365.6 59.8 65.7
lignin monomers My, OH H H 290.9 3703 3132 79.4 223
My OH  OCH, H 288.6 3214 3143 32.8 25.7

M,, OH OCH, OCH, 287.2 3159 3146 28.7 274

Phenylacetic acid-type M, H H H 294.4 356.6 368.2 62.2 73.8
lignin monomers M,, OH H H 296.4 3564  367.8 60.0 71.4

M; OH  OCH, H 297.8 2817  305.1 -16.1 73

M,, OH OCH; OCH, 295.9 3055 3043 9.6 8.4
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Fig. 8 Energy barrier comparison for decarboxylation of lignin
monomer model compounds M;, and M,, under Ca**/Mg**
catalytic and non-catalytic conditions
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