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Lignin Valorization: A Case for Depolymerization

softwood native lignin Kraft lignin

J. Marton Lignins: occurrence, formation, structure and reactions, Wiley Interscience, Toronto, 1971, pp. 639-689 NREL | 2



Lignin Valorization: A Case for Depolymerization

World Consumption — 1.3 million metric tons (growth 1.6% to 2024)
Applications of Lignin — Lignosulfonates

World consumption of lignosulfonates by major region and application—2019
(thousand of metric tons, 100% solids basis) OH sulphite pulping SOy
United Western Mainland Japan Total Percent of Ra HSO; . SO5? Ra
%
States Europe China P total o 1 o 1
Dispersants 111 173 103 32 418 56 Me Me
i lignosulfonates
Binders and 118 47 105 22 291 39 gnost
adhesives B
Chemicals R - - 3S SN R
2 2
and other 12 2 22 > 4l > HSO; , SO;2 |\
95\0 1 — é{o = 1
Total 241 222 229 59 751 100%
Me Me
Most end uses already established Kraft lignin lignosulfonates
Concrete admixtures — largest sector (dispersant) — use has stagnated or ChemSusChem 2017, 10, 1861-1877
even declined due to competition with polycarboxylate-based products
Value (S/metric ton): liquid 100-300, solid 600-900
O . . . O
Lignin deconstruction @ 0
MeO OH NH
e H HO
OMe — o

HO
Ho\_g—Q @% S$1150/metric ton S1400/metric ton
b owe e 5229/ke Market: 3000 TMT Market: 6000 TMT

TMT = thousand metric tons Source: IHS Markit NREL | 3



Theoretical Yields of Monomers Through C—O Bond Cleavage Possible

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

Monomers

MeO MeO NN MeO
R, OR,
Reductive catalytic fractionation j?/\ﬁ j?/\ﬁ
- HO HO HO
C O (Aryl ether) bond cleavage ] ; ]
R, = H, OMe; R, = OH, OMe
Theoretical Yields of Monomers Obtained: 20-40 wt%

Dimers OH Oligomers

OH OMe
OMe O OMe O

OH

OMe O
OH OMe

MeO O OH
HO O O OH MeO O OMe MeO O OMe
OMe OMe OH OH
5-5 B-5 B-1 B-B
15-20 wt% 20-40 wt%

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. NREL | 4



Only One Report of C—C Bond Cleavage of RCF Oligomers

Monomers 0
Reductive (36 wt%) )J\NH

catalytic + 400 wt%
fractionation Dimers, X
Pd/C

Trimers, H

Oligomers,
etc.

(64 wt%)

State of the Art:

e Performed with 400 wt% of oxidant
e Oxidant can be subsequently regenerated electrochemically
* Exploits the reactivity of phenols for C—C cleavage

MeO OMe

Dimethoxybenzoquinone
18 wt%

Lignin dimers and oligomers
after the oxidation

Lignin dimers and oligomers

Lignin oil

r T T T T
0 5 10 15 20

E. Subbotina, T. Rukkijakan, M. D. Marquez-Medina, X. Yu, M. Johnsson and J. S. M. Samec, Nat Chem, 2021, 13, 1118-1125.

T T T
25 30 35 40
min
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Can We Cleave C—C Bonds Catalytically into Bioavailable Products?

Our Overall Objective

OMe 0]
reductive MeOD)‘\OH
catalytic dati HO biological
fractionation autooxiaation o funneling
MeO OH
HO
Me
MC Process Simplified Scheme Haber-Weiss Cycle
k1 —
O,, RH (1) Co(ll) + PACH200H —— ¢q(j11) OH + PhCH,O*
. T - k :
CH00H  (2) Co(iily OH + PhCH00H —2» Co(ll) + PhGH200 + H,O
Br- Mn'!! coll [:t]
R X I I I R C—C Bond Cleavage
H (0]
Br- Mn'! Co" OOH o
Co(Il)/Co(Ill)
ar_SoulyCollll) A
Mo, Zr, and Hf often added as Ar)\/ ' Af)\/ '
R promoters R 0

A, B-scission
Hy, o ome o
Partenheimer, W. Catal. Today, 1995, 23, 69-158 Ar”SH T

HOL N, o renewable

N\~ OH ~ bioplastics

Precedent on C—C Bond Cleavage

Co/Mn/Zr/Br 0
180 °C, 2-5 hr
| N 0, (14 bar), AcOH | Y~ "OH
A > e
X X" 65-88%
X=C,N
Co/Mn/(Zr)/Br
)R\/ 150 °C, 2 hr 0o 0
e 0, (14 bar), AcOH . HOMOH
=n, Me 02 - C4
¥ O  46-53%

Partenheimer, W. Catal. OH
Today 2003, 81, 117-135 when R = Me

NREL
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Can We Cleave C—C Bonds Catalytically into Bioavailable Products?

Our Overall Objective

reductive
catalytic
fractionation

MC Process Simplified Scheme

0,, RH

\

CH,O0H

mn
n Colll

YT

Mo, Zr, and Hf often added as
R promoters

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

MeO
HO

— biological
autooxidation _ HO
- o) funneling X O renewable
MeO OH - N OH = bioplastics
HO
Me
Haber-Weiss Cycle MC Catalyst on Lignin
k1 —
(1) Co(ll) + PACH200H —— Co(lll)y OH + PhCH,O’ MeO
_ ky ) OH
(2) Co(llly OH +PhCH,00H s Co(ll) + PhCH200 + Hy0 FQ pé_/% ]
Me Me \
C—C Bond Cleavage o u o Co/Mn/Br
OOH CofllyCo(ilh o Me:I::j/ﬂ\H MG:I::j/ﬂ\H
o 0 - -
Ar)V Ar ’ Ar)\/ A AcO HO
o] .
)]\ A A, B-scission Partenheimer, W. Adv. Synth. Catal. 2009, 351, 456—-466;
Ar” ~H ) =

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?

Sustalnable. |

. . . & Cite This: ACS Sustainable Chem. Eng. 2019, 7, 18434-18443 pubsacs.org/journal/ascecg 10 T T T T T T T T T T T T T T T T T I
Chemistrys Engineering @ |
S Rock-forming elements
Ranking of Heterogeneous Catalysts Metals by Their Greenness 2
6
Marta B)’StrZianWSkil,Jr Petko Petkov,¢ and Marek Tobiszewski*' % 10
"Department of Analytical Chemistry, Faculty of Chemistry, Gdansk University of Technology (GUT), 11/12 G. Narutowicza St,, ‘-DO
80-233 Gdansk, Poland —
*Faculty of Chemistry and Pharmacy, University of Sofia, J. Bourchierblvd. 1, 1164 Sofia, Bulgaria a 5
(s ] Supporting Information o 10 S rZI' Ba
)
= Ce
ABSTRACT: Catalysis is a very important process in industry 1 Heterogeneous metal catalysts o Nb N de Pb
and laboratory practices, especially from the point of green greenness ranking g Sn La Smip r Hf Th
chemistry principles. However, the eco-friendly character of “Toxicity” ) —_ 0 r IYbp Ta ‘U
L . ‘oxicity” scenario D 10 Cs .
heterogeneous catalysts containing transition-metal components — Mo Sb Eu w Tl
has not yet been evaluated. Therefore, we performed a com- (=) TbH L
prehensive assessment of 18 heterogeneous metal catalysts = E 0 Ag I TmlLu Hg
(Pd, Pt, V, Co, Ni, Mo, Ru, Mn, Au, Cu, Cd, Zr, Fe, Rh, Ir, Sn, c Bi
Zn, Ag) using a multicriteria decision analysis approach. The o
ranking of alternatives according to relevant criteria, such as "‘.E 10—3 Ru
the toxicity of pure metals and metal salts toward fish, Daphnia E"\'g:ﬂ"r::'h‘ E":'L’:e';m:"? - L. . . Re p?u
magna, and algae/plants, metal toxicity toward rats via ingestion,  — —mm @ Major industrial metals in red Rh
carcinogenicity, the endangerment degree of metals, the boiling = Precious metals in purple Os
point and energy for atom detachment (estimated as metal— 1] Rare-earth elements in blue Rarest "metals" Ir
metal bond strength in diatomic transition-metal units), and the classification of elemental impurities according to the Intemational -g
Conference on Harmonization, and their degree of importance are presented. Life cycle assessment (LCA)-related parameters of = ]_O_G L ! L L 1 L 1 L L ! L ! L L 1 ! L L
metals have been also included. The assessment showed ruthenium, iron, and molybdenum as the most favorable alternatives, in 0 0 10 20 30 40 50 60 70 80 90
contrast to nickel, cobalt, and rhodium. Results of environmental evaluation strictly depend on the chosen scenario of assessment, in <

terms of toxicity, endangered elements, or LCA. Sensitivity analyses toward variations in input data and applied weights prove that

the results are reliable. Multicriteria decision analysis can be successfully applied in metal catalyst evaluation for particular case Atomic number’ VA

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?

ACS ,_
Sustalnable.

Chemistry Engineering & Cite This: ACS Sustainable Chem. Eng. 2019, 7, 18434-18443

Ranking of Heterogeneous Catalysts Metals by Their Greenness
Marta B)’StrZianWSkil,Jr Petko Petkov,¢ and Marek Tobiszewski*'

"Department of Analytical Chemistry, Faculty of Chemistry, Gdansk University of Technology (GUT), 11/12 G. Narutowicza St,,
80-233 Gdansk, Poland

*Faculty of Chemistry and Pharmacy, University of Sofia, J. Bourchierblvd. 1, 1164 Sofia, Bulgaria

© Supporting Information

ABSTRACT: Catalysis is a very important process in industry 1 Heterogeneous metal catalysts
and laboratory practices, especially from the point of green greenness ranking

chemistry principles. However, the eco-friendly character of
heterogeneous catalysts containing transition-metal components
has not yet been evaluated. Therefore, we performed a com-
prehensive assessment of 18 heterogeneous metal catalysts =
(Pd, Pt, V, Co, Ni, Mo, Ru, Mn, Au, Cu, Cd, Zr, Fe, Rh, Ir, Sn,
Zn, Ag) using a multicriteria decision analysis approach. The
ranking of alternatives according to relevant criteria, such as

*“Toxicity" scenario

the toxidty of pure metals and metal salts toward fish, Daphnia ~ Smirenmentaily Environmentally
L o . desirable undesirable
magna, and algae/plants, metal toxicity toward rats via ingestion, . —

cardnogenicity, the endangerment degree of metals, the boiling

point and energy for atom detachment (estimated as metal—

metal bond strength in diatomic transition-metal units), and the classification of elemental impurities according to the Intemational
Conference on Harmonization, and their degree of importance are presented. Life cycle assessment (LCA)-related parameters of
metals have been also included. The assessment showed ruthenium, iron, and molybdenum as the most favorable alternatives, in
contrast to nickel, cobalt, and rhodium. Results of environmental evaluation strictly depend on the chosen scenario of assessment, in
terms of toxicity, endangered elements, or LCA. Sensitivity analyses toward variations in input data and applied weights prove that
the results are reliable. Multicriteria decision analysis can be successfully applied in metal catalyst evaluation for particular case

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, RJ.A. et al. Ind. Crops Prod. 2004, 20, 121-129.

29,400 tons Cobalt
27,400 tons Manganese

$1.02 billion / year Cobalt
S49.3 million / year Manganese

Our aim is to achieve lignin
deconstruction to aromatic
monomers using a Mn-based
catalyst system

NREL
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standard conditions /LL )L
Ar/\\/ N Ar H Ar OH
— other products

C-C Bond Cleavage Products

Variation Substrate Conversion (%)

Ar =
MeO
- 94(1)
HO
MeO
no Zr 4.6(1)
AcO
MeO
- 18(1)
AcO

Methyl Protection and Zirconium Cocatalyst for Successful C—C Cleavage

standard conditions =
8 mol% Mn(OAc),e4H,0
6 mol% Zr(acac),
6 bar O,, 150 °C
15 mL AcOH, 1.5h

Total C—C Cleavage
Products (%)

2.1(6)

<1

1.9(7)

NREL |
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How Does Zirconium Promote Co/Mn-catalyzed Autoxidation

RO’, HO [Co(ll)]

ROOH ROOH
% k2 & RO, HO"

+Zr(IV)
HCo(ly-2r(V)" <==== [Colll)] i ———— [Collll)] )

Literature on Cobalt / Zirconium Solution Kinetics

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, |. 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.

0] )\
° o 0
ColOARIMHOU gy Sty |50 OO
+ - 2‘0" 0"\ ~0
—4 acac 0/ \ @) \ =
Zr(acac), C4H,0 ér O\K O\é

NREL / SLAC Collaboration: Asundi, A. S. et al. J. Phys. Chem. C. 2023, In press. DOI: 10.1021/acs.jpcc.3c03216 NREL | 11



How Does Zirconium Promote Co/Mn Autoxidation

RO’, HO

ROOH ROOH
ks k2 & RO, HO"

+Zr(IV)

"[Co(llN)-Zr(IV)]" —» [Co(n)]

Literature on Cobalt / Zirconium Solution Kinetics

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, |. 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.

Zirconium allows competitive conversion to carboxylic
acid products as opposed to unidentified ones

ot
MeO ' gﬁ:er MeO " MeO i
e e Mn/Zr e
+ 0
MeO MeO MeO
l J Mn

conversion to unidentified compounds

Effect of Zr on Selectivity

o 1% Co/Mn/Br 0 0

§ 0/\\/\0)‘”/( ACOH, 50 °C H)H/\OH
|  _2hair(70ban) | 4 H

o -
61% conversion 38'33/?3%: Iv?icetll;ﬂy
o 1% Co/Mn/Br/Zr 0 0o

§ OW AcOH, 50 °C HW
|/ H _2hair(70bar) _ | 4 H

o -
60% conversion 66'50/?2%,2 I;c;t;;lty

Partenherimer, W.; Grushin, V. V. Adv. Synth. Catal. 2001, 343, 102-111.
NREL | 12



Demonstration of C—C Bond Cleavage on Model Dimers

standard conditions =
8 mol% Mn(OAc),e4H,0

0 0 6 mol% Zr(acac),
B-1 OMe standard conditions I"’1‘°’C)I>)LOH MGOD)LH HOIO/T 6 bar O, 150 °C
MeS O ‘ OMe - other products " MeO MeO Meo” "o DM AR 1o
MeO 29(3)% 2(2)% 4.4(8)%
100% conversion total yield = 35(4) mol%,; total C—C cleavage monomers = 35(4) mol%

OMe

@) .n‘QOMe 0] 9
HO.___O
% standard conditions MGOD)LOH MeO:O)LH I\/ﬂ'
; : MeO MeO MeO 0

MeO « 0 — other products
D 37(2)% 4.4(1)% 2.9(2)%

MeO

100% conversion total yield = 45(2) mol%; total C—C cleavage monomers = 45(2) mol%

NREL | 13



Demonstration of C—C Bond Cleavage on Model Dimers

standard conditions =
8 mol% Mn(OAc),e4H,0
6 mol% Zr(acac),

OH
B-5 OMe 0 O MeO
O - MeO oy MeO H O HO. 0O 6 bar O,, 150 °C
standard conditions _ MeO h 15 mL AcOH, 1.5 h
MeO - MeO MeO MeO o}
O 0 “OH

OMe

— other products

MeO 12.5(8)% 15(1)% trace 2.0(4)%

100% conversion total yield = 30(1) mol%,; total C-C cleavage monomers = 30(1) mol%

OH
5-5 OMe MeO 0
OMe
O MeO
‘ standard conditions OMe OMe OMe 0% “OH
MeO — other products ] 13.7(8)% 6.9(4)% 7.6(4)% 2.1(1)%

OMe

100% conversion
total yield = 30(1) mol%,; total C—C cleavage monomers = 2.1(1) mol%

NREL | 14



Pine Oligomer Substrate Prepared by Methylation and Distillation

Mel (excess)

: K,CO5 (excess) 10 mbar Methylated F_’ine RCF Methylated Pine
REE%H Nfecri r.t. 60 h Metlg{lé:\;eg"l“me 220 °C Residue (Oligomers) . RCF Distillate
— (40 wit%) (45 wt%]
r---_--q ™T T T T |||||| T T T |||-||
16 | 41 o |.Maoj©/v Methylated Pine
I meo | MeO RCF Distillate
R 11
AN e i e EEE—

N
N

0.41 Methylated Pine

RCF Oligomers

-
N
|

1

-
o
1
1
x 5
[o ]
/;
= =
& &
/;

Methylated Pine
RCF Oill

o

o
—
]

“‘H:U\ :;D/\ Pine RCF Oil

o

~
—
]

Monomer Content (mmol / g Pine RCF Qil)
>
1
]

o

N
—
1

: T HO/©/\/ MQOU _ L M S A | L P
00 . 00 102 10° 10*
Pine Methylated Methylated Methylated
RCF Pine RCF Pine RCF  Pine RCF
Qil Oil Residue Distillate

o
o

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

Product Yield
(mmol analyte / g substrate)

12 23 wit%
1.0
0.8
0.6 1
0.4 -
0.2 0.2 wt¥%
0 wt% |
0.0 T T
a0 110 130 150 170
Temperature (°C)
1.0 18 wit%
[ 17 wt%
o
E 0.8
-D g
oo 1
'>__ o 0.6
E
35 041
o &
© 02
E
E
0.0-

1.3
Concentration (mg/mL)

27 43 433

Methylated Pine Oligomers

1.2 1
1.0
0.8 4

0.6 -

Product Yield
(mmol analyte / g substrate)

0.4

0.2

0.0-
190 0

1.2
1.0+
0.8
0.6

0.4 -

Product Yield
(mmol analyte / g substrate)

0.2

0.0-

0.17

8 wt% Mn(OAc),4H,0
12 wt% Zr(acac),
Acetic Acid, O, (6 bar)
150 °C,1.5h

22wty 2%

O, Loading (bar)

21 wt%

17 wt%

16 wit%
17 wit%

16 wi%

0.50 1 1.5 3 6
Time (h)

Product Yield
{(mmol analyte / g substrate)
—
[=)]

C-C Cleavage Product

Y =y
=] M3

o
o

b
.

Product Yield
(mmol analyte / g substrate)

20 wt%
19wt% |

20 wt%

2 4 3 12 20
Zr0 1.5 3 5] 12 18 30
Catalyst Loading (wt%)
1.0 17 wi%
16 wit%

0.8+

0.6+

0.4-

0.2

0.0-

0 6
Zirconium Loading (wt%)

12 24

NREL
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Optimized Mn-Autoxidation of Pine Oligomers in Batch

8 wt% Mn(OAc), 4H,0

12 wt% Zr(acac),
Methylated Pine Oligomers  Acetic Acid, O, (6 bar) C-C Cleavage Products
150 °C, 1.5h -
~20 wt%
0] o]
1.0 MeOD)LOH MeoD)LH HO._O o, . : _
MeO MeO Meoho Pine Oligomers
- »0-5-0 3| 0.58(9) 0.18(10) 0.092(2) Oxidation
C +—= U,
3T e
o ..tb.. MeO
Q o
O 206 d
Ei= Ho . R
S =n4. ine Oligomers
S 9 0.4 0.05(2 0.033(9) 0.032(7) Sugb strate
= £ OMe

Nt
N

0.027 . | .
o Pine Pine 102 103 104
) ) 0.031(8) 0.008(2)
Oligomers Oligomers Molecular Weight (g / mol)

Substrate Oxidation
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Optimized Mn-Autoxidation of Pine Oligomers in Batch

10 wt% Mn(OAc),4H,0

12 wt% Zr(acac), X 0
Methylated Pine Oligomers ~ Acetic Acid, O, (6 bar)  C-C Cleavage Products
150 °C, 1.5 h X" “oH
~20 wt%
0] o]
1 ) 0 | MeO:@)L OH MEOD)LH HC}:ED/CI|
MeO MeO Meo” 0 —— veratraldehyde vanillate
= 308 0.58(9) 0-18(10) 0.092(2) —— veratrate —— muconate
T 0 e s
© 306 J@A -
© 5 0.4/ © 0.4 -
€80 0.05(2 0.033(9) 0.032(7) £
= £ OMe GCJ -
0.2 2 0.2 -
o)
oD 0.027 @) i
Oligomers Oligomers ' ' 0 10 20 30 40 50
Substrate Oxidation Time (h)
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Studies of Stability of Carboxylic Acids in Autooxidation Conditions

standard conditions =
8 mol% Mn(OAc),e4H,0
6 mol% Zr(acac),

Q 6 bar O,, 150 °C
MeO R, Standard conditions 15 mL AcOH. 1.5 h
» Recovered Aromatics
MeO — other products
R1
R, R, Aromatic Recovery (%)
H H 38(4)%
H OH 62(7)%
OMe H 43%
OMe OH 51(12)%

NREL | 21



The Cumene Process and Hock Rearrangement

0, O,H
Hock

[ j +H,0 Rearran ement i -
- I |2O

OMe OMe
OMe OMe OMe

O O Hock OMe MeO o
+0, O2H Rearrangement + m
MeO ~ MeO g OH MeO

‘ MeO l

H.

MeO

. , MeO
quinone formation OH
ring opened products
MeO

NREL | 22



Preparation and Autooxidation of Methylated Poplar Oligomers

Mel (excess)

Poplar KoCOj3 (excess) Methylated Poplar 10 mbar Msthylated Poplar — Methylated Poplar
RCF Oil MeCN. rt. 60 h RCF Oil 290 °C Residue (Oligomers) Distillate
- —_— (43 wt%) (47 wt%)

N
o

Model Compounds
. : el o
: e H Methylated Poplar
OMe ) i | Mllate
MeO

—

co
E
o ©
z =
Qg ©
i
W
)
o
€I

—
»

5
LL
@)
1 “
= MeO. SN . MeO.
4] i L . I;N Methylated Poplar
_8' 1.4 " ”EOD/\ " L N
0_ L
212 Meo N Me@j@/ MEO@(\/ Methylated Poplar
© [ HODN MeO Hee OMe
€10 e
E | o eo ! Jond | o Poplar RCF Oil
-E 0.8 ,e a HO:©/\/ I MeO : .MeOJUN\ r
L | Y- Dosrdd N S
8 06 g o . 107 10° 10°
MeO O OH 8 MO gy :
$ 0.4 HOD/\ Meo%/\ﬁ : Mco/\)/\ : Molecular Weight (g / mol)
E ’ | Y i 2 nwwuw MeO MeO oH
8 MeO =y j@/\/ I'vhao](j/\A
o) 0.2 MeC S Meo MeQ
= - 1 HO/©/\/ Hojio%:\/ MBO:©/\/ /OM““ MeO
0.0 J'“'EO:./\/‘*CMe _OMe
Poplar  Methylated Methylated Methylated MeO O ome
RCF Poplar RCF Poplar RCF Poplar RCF Meo MeO_
. - - . . = o OH
Oil Oil Residue  Distillate eo ne
OMe

OMe
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Preparation and Autooxidation

Monomer Content
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Bioconversion Pathway
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