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Abstract

Biomass pretreatment methods are commonly used to isolate carbohydrates from biomass, but
they often lead to modification, degradation, and/or low yields of lignin. Catalytic fractionation
approaches provide a possible solution to these challenges by separating the polymeric sugar
and lignin fractions in the presence of a catalyst that promotes cleavage of the lignin into
aromatic monomers. Here, we demonstrate an oxidative fractionation method conducted in the
presence of a heterogeneous non-precious-metal Co-N-C catalyst and O, in acetone as the
solvent. The process affords a 15 wt% yield of phenolic products bearing aldehydes (vanillin,
syringaldehyde) and carboxylic acids (p-hydroxybenzoic acid, vanillic acid, syringic acid),
complementing the alkylated phenols obtained from existing reductive catalytic fractionation
methods. The oxygenated aromatics derived from this process have appealing features for use
in polymer synthesis and/or biological funneling to value-added products, and the non-alkaline
conditions associated with this process support preservation of the cellulose, which remains
insoluble at reaction conditions and is recovered as a solid.
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Introduction

Lignocellulosic biomass is an important renewable feedstock for the production of
transportation fuels and valuable chemicals that could reduce reliance on fossil-based
resources.12 Historical efforts on biomass conversion, ranging from the pulp and paper
industry to more recent efforts on bioethanol production, have emphasized utilization of
carbohydrates. Although these polymeric sugars represent the major fraction (70-85 wt%)
of nonedible biomass,3 there is growing recognition that valorization of lignin is crucial

to the economic viability of biorefineries.>8 Lignin is a structurally complex heterogeneous
aromatic biopolymer that represents the largest renewable source of aromatic chemicals
(Figure 1a). Conventional methods for the isolation of carbohydrates from lignocellulosic
biomass, however, often result in chemical modification or degradation of the lignin (Figure
1b) or use of only a small portion of the lignin backbone (Table 1). Although the lignin
extracted from these processes has found some direct commercial application, 10 it is
commonly burned for energy production and is not well suited for large-scale conversion
into aromatic chemicals. The challenges in lignin isolation often arise from side-reactions
involving the benzyl alcohols present in the lignin backbone.1112 Facile generation of
carbocation intermediates at these sites under acidic conditions, or the formation of quinone
methide and/or epoxides under alkaline conditions, can lead to polymer cross-linking and
the formation of recalcitrant C—C bonds that prevent conversion of lignin into aromatic
monomers. Stabilization methods have been developed to preserve the lignin structure
during extraction and provide the basis for improved yields of aromatic monomers,13-16

The issues noted above have contributed to growing interest in “catalytic fractionation™
methods in which the biomass is processed under conditions that not only separate the lignin
and carbohydrate fractions, but also promote catalytic conversion of the lignin into aromatic
monomers (Figure 1c).17 Such processes provide a strategy to minimize lignin degradation
pathways that occur during conventional pretreatment methods.11:18 Reductive catalytic
fractionation (RCF) methods, which are conducted in the presence of a heterogeneous
catalyst and source of H, (hydrogen gas, formic acid, or alcohol solvent), have been
extensively studied and are the subject of considerable ongoing development.19-30 In these
methods, the lignin undergoes solvolytic extraction from the carbohydrates and in situ
catalytic hydrogenolysis to afford aromatic monomers, commonly consisting of syringyl-
and guaiacyl-derived phenols bearing (partially) deoxygenated hydrocarbon substituents
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(Figure 1d). Specific compositions vary with the catalyst identity (e.g., Pd/C, Ru/C,

Ni/C), reaction conditions, and source of biomass, and the products are being explored

as precursors to fuels and fuel additives,” monomers for polymeric materials,31:32 and fine
chemicals.33:34

The present study was initiated to explore prospects for oxidative catalytic fractionation of
lignin. Oxygenated lignin-derived products, such as those in Figure 1e, would complement
or offer advantages relative to the RCF products. The products in Figure 1e represent
bifunctional phenols that could find use as monomers for bio-based polymers35-38 and
represent appealing feedstocks for microbial conversion and biological funneling, due
their increased water solubility relative to reduced products in Figure 1d and similarity

(or identity) to known metabolic intermediates.3%40 The oxidation of lignin derived from
conventional pretreatment methods (cf. Figure 1b) and lignin model compounds has been
studied extensively.41-51 We speculated that fractionation of biomass in the presence of a
suitable catalyst and O, could provide the basis for an oxidative catalytic fraction method
analogous to RCF, but capable of generating oxidized aromatic products while preserving
the carbohydrate fraction. Important precedents for this concept have been demonstrated
under alkaline aqueous conditions using copper salts, mixed-metal oxides or other catalyst
or reagent compositions;>2-54 however, the simultaneous production of good yields of
oxidized aromatic monomers and high-quality cellulose has proven to be difficult. The
present study employs non-basic conditions in organic solvent that allow for simultaneous
production of oxidized aromatic chemicals from lignin and a high-quality cellulose stream.

Results and Discussion

Overview of strategy and reaction components

We envisioned that oxidation of biomass could take place in an organic solvent capable of
promoting solvolytic separation of lignin from the carbohydrates?3-29 under an atmosphere
of oxygen gas. In an ideal scenario, the lignin will dissolve into solution and be susceptible
to oxidation-initiated depolymerization and the carbohydrates will remain as a solid,
thereby protecting them from oxidative degradation. Drawing on precedents from RCF
studies,21:23.29 the heterogeneous catalyst for lignin oxidation/depolymerization can be
integrated within a porous cage to avoid contamination of the solid carbohydrate fraction.
The pores of the cage are designed to be large enough to allow soluble lignin to enter, but
small enough to prevent passage of catalyst particles into the reaction vessel. A schematic
diagram of the assembled reactor and various components of the reaction mixture is shown
in Figure 2.

Several different variables were evaluated during the course of this study. The majority

of the work was conducted with poplar, as a representative hardwood biomass source, but
the optimized conditions were also evaluated with pine (softwood), and miscanthus (grass).
Solvents included both aprotic organic solvents (acetone, acetonitrile, and ethyl acetate)
and water. Alcohols, such as methanol, are commonly used in RCF methods, but were
avoided in this study due their susceptibility to oxidation. A range of different catalyst
compositions was tested, starting with metal oxides, similar to those used previously for
biomass oxidation under alkaline conditions,>>:5¢ and supported platinum-group metals
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(PGMs), which have been used as catalysts for RCF (see above) and aerobic alcohol
oxidation.>” The latter function could contribute to lignin depolymerization.4>:51 In addition,
we evaluated metal-containing nitrogen-doped carbon catalysts (M-N-C). These materials
were first developed as electrocatalysts for the oxygen reduction reaction,>® but more
recently have been used to catalyze aerobic oxidation of organic molecules,5%-6 including
lignin model compounds.62-65 These catalysts are typically prepared by adsorption of a
metal salt and a source of nitrogen onto a carbon support, followed by pyrolysis under an
inert atmosphere. For example, Co-PANI-C, which was identified as an effective catalyst in
the studies described below, uses polyaniline (PANI) derived from in situ polymerization of
aniline on the carbon support as the nitrogen source.

Biomass oxidation and analysis of lignin-derived products

The oxidative catalytic fractionation of poplar wood chips (< 2 mm) was examined under
a variety of conditions by testing various solvents, catalysts, and conditions to optimize

the aromatic monomer yields.% The reaction conditions employed O, supplied as a gas
mixture of 6% O, in N, to stay below the solvent flammability limits.67 Catalysts were
used at 10 wt%, corresponding to metal loadings of 0.3-0.5 wt% with respect to biomass.56
Early studies suggested maximum lignin derived product yields are obtained following a
12 h reaction time, with lower yields observed at longer times. The preferred temperature
and pressure (190 °C and 2 bar pO5,) was identified via design-of-experiment studies.

The reactions generated soluble and insoluble fractions. Analysis of the insoluble fraction
showed that it mostly contains carbohydrate materials (discussed in the next section), while
the soluble fraction primarily consists of lignin-derived materials, including the aromatic
monomers. Analysis of the soluble lignin fraction by HPLC enabled identification and
quantification of the low molecular weight products. Five aromatic compounds, including
p-hydroxybenzoic acid (PHBA), vanillic acid, syringic acid, vanillin, and syringaldehyde,
were identified as monomeric products of the reactions, together with a collection of higher
molecular weight products (Figure 3). Among the different catalysts, Co-PANI-C and Co-
phen-C (3 wt% Co) gave the best results (Figure 3a), affording a 15.0 wt% total yield of
aromatic monomers relative to the mass of lignin in the starting biomass sample. Catalyst
recycle studies indicate that the Co-PANI-C catalyst may be reused without substantial
deactivation over five cycles: similar monomer yields were obtained in all five runs, with

a reduction in monomer yield of only 1.4 wt% observed from the first to the last trial

in this sequence (see Figure S6 in the Supporting Information). Preliminary assessment

of acetone stability under the reaction conditions was conducted by distilling the solvent
from the mixture after reaction completion and resulted in 92% recovery (see Section 2 in
the Supporting Information for experimental details; larger scale applications would likely
lead to improved solvent recovery). The overall solvent stability is consistent with the use
of acetone in organosolv methods for biomass pretreatment at high temperature (140-180
°C).68.69 Good monomer yields were also observed in acetonitrile (13.6 wt% monomers;
see Figure S5 in the Supporting Information), highlighting opportunities for overall system
optimization in future work, guided by technoeconomic analysis.

Ru/C is the most effective PGM catalyst (11.5 wt% yield), but several non-precious
metal catalysts outperform the PGM catalysts, including all three of the M-N-C catalysts
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(14.3-15.0 wt% yield) (Figure 3a). Treatment of poplar with O, under the optimized reaction
conditions in the absence of catalyst also leads to the formation of monomers, but only in
7.2 wt% yield. Negligible lignin-derived monomers are obtained from the reaction under

N> in the absence of catalyst, with only 1-2 wt% yield of PHBA. This result indicates that
acetone-promoted solvolysis of the lignin does not contribute to monomer formation.

Gel-permeation chromatography (GPC) was used to analyze the higher molecular weight
products obtained from three different variations of the optimized reaction conditions: (a)
the standard conditions under 2 bar O, partial pressure with Co-PANI-C as the catalyst, (b)
the standard conditions under 2 bar O, partial pressure, but in the absence of a catalyst, and
(c) the standard conditions, under anaerobic conditions (35 bar N5) in the absence of catalyst
(Figure 3b). The material obtained from the anaerobic catalyst-free conditions (c) exhibited
a molecular weight distribution of M, and M, values of 1578 and 307 Da, respectively.
These values are consistent with the lack of significant monomer formation under these
conditions, even while they are lower than the estimated molecular weight of native poplar
lignin (M /M, ~ 7.9/1.9 kDa).#® The aerobic conditions lead to lower molecular weight
materials, with M, and M, values of 663 and 234 Da, respectively, in the absence of
catalyst and 604 and 241 Da, respectively, in the presence of the Co-PANI-C catalyst. 2D
HSQC NMR was used as an additional method to analyze the materials obtained from

the soluble fraction obtained from the three different reaction conditions (see Figure S3 in
the Supporting Information). The 2D NMR data indicate that the soluble lignin material
from the anaerobic catalyst-free conditions retains only a small quantity of B-O-4 units,
with signals indicating some condensation of the lignin. The NMR data indicated that

the sample from aerobic catalyst-free conditions contains phenolic dimers, trimers, and
oligomers with oxidized side chains, while the sample from aerobic conditions with catalyst
has no native or oxidized p-O-4 signals, reflecting cleavage of these units. Collectively, the
monomer yield, GPC, and NMR data obtained from the three different conditions provide
the following insights: (i) some lignin cleavage occurs during solvolysis by acetone at the
elevated temperatures, even under anaerobic conditions, but this process does not lead to
significant formation of aromatic monomers; (ii) the presence of O, alone contributes to
further depolymerization, including the formation of low yields of monomers; and (iii) the
presence of both catalyst and O leads to the highest levels of lignin depolymerization and
monomer formation.

The results obtained with O, alone (i.e., without a catalyst) are consistent with previous
reports of "oxygen delignification" of Kraft pulp’® and oxygen-promoted treatment of lignin
streams under non-catalyzed conditions.”:72 Such precedents and data from the present
study suggest that O, can promote direct autoxidation of lignin, leading to depolymerization
and some monomer formation. Even better results are evident in the presence of a catalyst,
however. The catalyst appears to have beneficial effects beyond promoting lignin oxidation.
Specifically, control experiments show that the presence of the catalyst stabilizes the
phenolic monomers under the reaction conditions, slowing their degradation and supporting
higher product yields (see Figure S8 in the Supporting Information). We speculate that the
catalyst controls reactive radical species derived from molecular oxygen that can lead to
decomposition of the phenol-based products. Overall, the complementary behavior observed
under O» in the absence and presence of catalyst suggests that the catalyst supplements
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and/or modulates the autoxidation chemistry that contributes to lignin chain cleavage and
side-chain oxidation.

Two other biomass sources were tested under the optimized OCF conditions (Figure 4).
Pine, a softwood with no syringyl subunits, affords a lower yield of 7.3 wt%, mainly
consisting of vanillic acid. Miscanthus, a grass, generates the five monomers observed for
poplar, in addition to ferulic and coumaric acids, with an overall yield of 11.1 wt%.

Analysis of carbohydrate residue

In this OCF process, the carbohydrate residue is readily isolated from post-reaction mixture
by simple filtration. The solid material obtained in this manner constitutes 55% of the
initial poplar mass, after removal of the solvent. Solid-state 1D 13C CPMAS NMR spectra
of the original poplar biomass (Figure 5a) and post-OCF solids (Figure 5b) show that

a large portion of the lignin is removed from the final solids, consistent with solvolysis

of the lignin as described above. Meanwhile, the carbohydrate resonances are retained,
with an increase in crystallinity relative to amorphous cellulose, evident from the change

in relative peak heights of the amorphous C4 resonance at 83 ppm (Figure 5a/b, filled
triangle) compared to the crystalline C4 resonance at 88 ppm (Figure 5a/b, filled circle).”
Powder X-ray diffraction patterns confirm an increase in the relative crystallinity index from
48.1 to 55.6 (see Figure S9 in the Supporting Information). Similar changes have been
observed in carbohydrates observed from previously reported organosolv lignin extraction
with acetone.’

The quality of the carbohydrate residue was evaluated by acid hydrolysis, by using a
modified version of the NREL biomass compositional analysis procedure.”® The solid
material was rinsed with fresh acetone, dried, and subjected to an acid hydrolysis with
H,S0O4. This protocol afforded sugar yields of 83% glucose and 32% xylose, relative to
the cellulose and hemicellulose present in the original raw biomass (Figure 5c). These
results suggest that the OCF-derived carbohydrates should be suitable further conversion
into glucose, ethanol, and other carbohydrate derived products.

Overall mass balance from oxidative catalytic fractionation

Analysis of the overall mass balance of the poplar OCF process is shown in the Sankey
diagram in Figure 6. The initial poplar biomass consists of 21.4 wt% lignin, 13.9 wt%
xylans, and 47.5 wt% glucans, in addition to 5.6% water and 11.6% unidentified mass.’®
The lignin is fractionated into a dissolved portion, including 15.0 wt% monomers and 56
wt% higher molecular weight species (dimers, oligomers), while the solid fraction retains
30 wt% of the original lignin.”8 Collectively, these fractions account for 101 + 5 wt%

of the original lignin. Precise mass balance is complicated by addition of mass arising

from oxygenation of lignin-based aromatics and loss of mass from low molecular weight
by-products arising from cleavage of the aliphatic linkers in lignin. Xylan-derived products
partition between the soluble (9%) and insoluble (32%) fractions, while the vast majority of
the glucan material (83%) is captured as the solid fraction recovered from the OCF process.

The yields of monoaromatic products obtained from this OCF process are not as high as
those that have been accessed via RCF of hardwoods (yields are often 30-50%);14.28.53.77.78
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however, meaningful future comparisons will need to account for the relative value of
carboxylic acids and aldehydes from OCF relative to the alkylaromatics obtained from RCF
(cf. Figure 1d and 1e) for the desired target applications, among other technoeconomic
considerations.1” The present OCF results also may be compared to previously reported
multi-step oxidative lignin depolymerization routes.14:44:48.51 The latter methods use lignin
derived from pretreatment methods, which typically do not recover all of the lignin from
biomass. Subsequent oxidative depolymerization methods result in further losses. The

most effective routes thus far employ a three-step pre-treatment/oxidation/depolymerization
sequence, with examples involving different pretreatment lignin sources summarized in
Table 1. After accounting for the yields from each of three steps, the yields of oxidized
aromatic compounds range from 6.2-31%. The best of these uses propionaldehyde to protect
the lignin during an acidolysis pretreatment, followed by DDQ-mediated oxidation of the
protected lignin, and HCO,H/HCO,Na-promoted hydrolysis of the oxidized lignin. The
major products of this method are syringyl- and guaiacyl-derived diketones (see graphic
above Table 1), rather than carboxylic acids and aldehydes.

The appeal of the one-step OCF process, similar to the RCF methods, is the ability

to convert the biomass directly into lignin-based aromatics and a carbohydrate stream.
Reducing the number of unit operations will inevitably reduce the overall process cost,
offsetting differences in total product yield. It is reasonable to expect that future efforts

will lead to new catalysts, process conditions, or privileged feedstocks to significantly
improve the OCF product yields. The resulting aldehyde and carboxylic acid functional
groups are highly appealing products, either as direct commercial products (vanillin) or as
feedstocks for microbial and chemical upgrading.35-40 For example, the aromatic aldehydes
and carboxylic acids have proven much more amenable to microbial conversion relative to
the diketone products.39:40

Conclusion

In summary, the present study has demonstrated an important first step toward non-alkaline
oxidative catalytic fractionation of raw biomass. The process directly generates valuable
bifunctional oxygenated aromatic monomers from lignin in parallel with high-quality
carbohydrate solids amenable to further processing. These OCF results introduce a valuable
complement to reductive catalytic fractionation or other biomass fractionation approaches
and set the stage for optimization efforts designed to improve the aromatic monomer yields
and begin technoeconomic analysis to guide process improvements that could improve the
viability of this approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Overview of biomass deconstruction approaches. a) Model structures of carbohydrate and

lignin components in lignocellulosic biomass b) Traditional cellulosic biomass isolation
approaches focusing on obtaining high-quality carbohydrates and c) redox catalytic
fractionation, focused on obtaining high-quality carbohydrates and lignin-derived aromatic
monomers. d) Identity of representative monomers produced via reductive catalytic
fractionation (RCF) and ) monomers produced via oxidative catalytic fractionation (OCF)
in the present work. Biomass icon courtesy of Matthew Wisniewski (Wisconsin Energy
Institute).
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a) Catalyst screen for the oxidative catalytic fractionation of raw poplar biomass.
Conditions: 0.1 g poplar, 10 wt% heterogeneous catalyst, 20 mL acetone, 190 °C, 35

bar 6% O in Ny, 12 h. b) GPC analysis of lignin-derived oligomers and aromatics after
lignin extraction under N5 and O, without catalyst and under O, with Co-PANI-C and GPC
analysis of lignin-derived aromatic oligomers with the low molecular weight aromatics
removed after lignin extraction under N, and O, without catalyst and under O, with
Co-PANI-C. Different molecular weight regions are defined as follows: monomers (<300
Da), dimers & trimers (300-750 Da), and oligomers (>750 Da) A Teflon liner was used to
isolate the reactants from the metal surface of the reactor. Biomass icon courtesy of Matthew

Wisniewski (Wisconsin Energy Institute).
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Figure 4.
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grass (miscanthus). Conditions: 0.1 g biomass, 10 wt% Co-PANI-C, 20 mL acetone, 190 °C,
35 bar 6% O, in Ny, 12 h.
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1D 13C CPMAS NMR spectra of raw biomass and the solid material obtained following
OCF treatment (a, b) (filled triangle denotes amorphous C4 resonance; filled circle denotes

crystalline C4 resonance), and results of acid hydrolysis of solid carbohydrate material

obtained from OCF treatment (c).”®
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Mass balance of recovered carbohydrates (glucans + xylans) and valorized lignin in poplar
biomass. Product percentages reported are relative to the original biomass.
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Table 1:

Oxygenated monomer yields from poplar treatment

Pretreatment  1S0lated o] oy HCOH/HCONa major products of major products of
lignin —> lignin - three-step process ~ OCF one-step
/ Pretreatment / Oxidation / Hydrolysis 120 \ MeO process
7 aromatic
biomass monomers HO oasr(boxyﬂb ygﬁb‘s
& T - - - - o
\ [0], Oxidative Catalytic Fractionation / (Me 0) d (see Figure 1e)
diketones

Lignin source material

Pretreatment lignin

Oxygenated monomer

Monomer yield relative

recovery (wt%) yield (wt%) tototal lignin (wt%)
Three-step sequence (pretreatment / oxidation / hydrolysis)
Mild acidolysis 157 41,6 6.2
CuAHP 3280 30.748 9.8
GVL 5581 23.4%8 12.9
Propionaldehyde protection/acidolysis 119144 3214 3114
One-step oxidative catalytic fractionation
Direct biomass - 15.0 15.0

aThe yield exceeds 100% because the aldehyde protection method adds mass to the lignin.
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