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Predicting lignin depolymerization yields from
quantifiable properties using fractionated
biorefinery lignins+

Thanaphong Phongpreecha, @ 2 Nicholas C. Hool,? Ryan J. Stoklosa, & °
Adam S. Klett, @ © Cliff E. Foster,® Aditya Bhalla,*¢ Daniel Holmes,” Mark C. Thies®
and David B. Hodge @ *9h

Lignin depolymerization to aromatic monomers with high yields and selectivity is essential for the eco-
nomic feasibility of many lignin-valorization strategies within integrated biorefining processes. Importantly,
the quality and properties of the lignin source play an essential role in impacting the conversion chemistry,
yet this relationship between lignin properties and lignin susceptibility to depolymerization is not well
established. In this study, we quantitatively demonstrate how the detrimental effect of a pretreatment
process on the properties of lignins, particularly p-O-4 content, limit high yields of aromatic monomers
using three lignin depolymerization approaches: thioacidolysis, hydrogenolysis, and oxidation. Through
pH-based fractionation of alkali-solubilized lignin from hybrid poplar, this study demonstrates that the
properties of lignin, namely p-O-4 linkages, phenolic hydroxyl groups, molecular weight, and S/G ratios
exhibit strong correlations with each other even after pretreatment. Furthermore, the differences in these
properties lead to discernible trends in aromatic monomer yields using the three depolymerization tech-
niques. Based on the interdependency of alkali lignin properties and its susceptibility to depolymerization,
a model for the prediction of monomer yields was developed and validated for depolymerization by
quantitative thioacidolysis. These results highlight the importance of the lignin properties for their suit-
ability for an ether-cleaving depolymerization process, since the theoretical monomer yields grows as a
second order function of the B-O-4 content. Therefore, this research encourages and provides a refer-
ence tool for future studies to identify new methods for lignin-first biomass pretreatment and lignin valor-
ization that emphasize preservation of lignin qualities, apart from focusing on optimization of reaction
conditions and catalyst selection.

Introduction

Technologies for the conversion of renewable, non-food plant
biomass to fuels, chemicals, polymers, and materials have the
potential to displace fossil sources of carbon while simul-
taneously contributing to rural agricultural economies and
lowering CO, emissions." While technologies for the pro-
duction of cellulosic biofuels are beginning to be commercia-
lized in the U.S., Europe, and Brazil, substantial technical,
logistical, and economic challenges still remain.” In particular,
one economic challenge is that current processes produce low-
value, high-volume biofuels that require substantially higher
capital costs per unit of biofuel produced relative to starch- or
sucrose-derived biofuels. This is a consequence of plant cell
wall recalcitrance, whereby the polysaccharides that may serve
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as the feedstock for biological conversion to biofuels are
embedded in the plant cell wall matrix. This cell wall matrix
can be considered as a composite material comprising polysac-
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charides (cellulose and hemicelluloses) and lignin that pre-
sents a challenge for “deconstruction” and conversion.”
Diversifying the product portfolio of lignocellulose-to-bio-
fuels processes to include renewable, bio-based chemicals is
widely recognized as an opportunity both to improve the eco-
nomics of these processes and to buffer against market fluctu-
ations. Thus, there is an obvious and compelling need to
develop integrated processing approaches that enable multi-
product biorefineries. Despite comprising a substantial
portion of plant cell walls (as much as one third of the mass of
lignocellulosic biomass) and representing the second-most
abundant naturally occurring biopolymer after cellulose, the
chemical functionality in lignins remains largely unutilized as
a source of renewable carbon for the production of bio-based
chemicals, polymers, and materials. As such, there is an
opportunity for technologies that can be integrated with con-
version processes employing a biomass pretreatment/fraction-
ation strategy, whereby it may be possible to utilize all or a
fraction of the process-modified lignins for purposes other
than as a low-value solid fuel.* Commercialization of co-
products from wood lignins derived from Kraft pulping have
long proved challenging, but it should be understood that
lignin origin (e.g., hardwood, softwood, or grass) and proces-
sing history (e.g., alkaline pulping, organosolv pulping, sulfite
pulping, dilute-acid pretreatment, etc.) have an enormous
impact on the structure, properties, and suitability of the
lignin for a target application, which this work will investigate.
Although lignin valorization has increasingly been the
subject of substantial research, significant challenges still
remain.”® General strategies for lignin utilization include ther-
mochemical conversion to heat and power or syngas, utiliz-
ation of (potentially modified) polymeric lignins in appli-
cations such as resins for application as adhesives or coat-
ings,” and lignin depolymerization to generate sets of aromatic
compounds that can serve as bio-based alternatives to pet-
roleum-derived aromatic platform chemicals.® Notably, a
recent DOE report has highlighted the critical need for utiliz-
ing lignin-derived compounds as potential platform chemicals
as well as the challenge in achieving this due to the difficulty
of generating a limited range of aromatic compounds from
lignin at high yields and selectivities that can act as renewable
aromatic monomer cognates to existing petrochemicals.” This
challenge is derived both from the random nature of the
lignin polymer as a consequence of its synthesis via free
radical-mediated oxidation and its propensity for modification
during conversion or extraction processes. Strategies for the
depolymerization of lignin include catalytic cracking/pyroly-
sis,"'"  oxidation'> and hydrogenolysis-hydrodeoxygena-
tion, and base-catalyzed depolymerization."® As examples,
the depolymerization of lignin using solid acid-catalyzed
hydrolysis has been reported to yield primarily 4-propenyl
guaiacol/syringol products, while base-catalyzed depolymeriza-
tion can yield additional aromatic products.'>*® Oxidative clea-
vage of lignin in many studies aims to achieve a defined set of
products including vanillin, vanillic acids, and their syringyl
counterparts.””"® A number of studies have investigated mole-
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cular oxygen or hydrogen peroxide as an oxidant in the pres-
ence of a transition metal-based homogeneous catalysts
including Cu, Fe, or V.>°> Other oxidative approaches include
using a combination of formic acid and TEMPO catalysts, or
polyoxometalates.>*** Lignosulfonates derived from sulfite
pulping of wood have been utilized commercially as a feed-
stock for the production of vanillin since the 1940s using cata-
lyzed and/or uncatalyzed alkaline oxidation with vanillin yields
of up to 15% reported.'>***” vanillin production from Kraft
lignin using these approaches has been extensively explored,
although yields are typically lower compared to lignosulfonates
since Kraft lignins may be more condensed.”® Approaches for
reductive cleavage, particularly hydrogenolysis, have received
substantial recent attention, and a number of heterogeneous
catalysts have been proposed including ligand-less Ni,*° Ni
alloys,*® NiAu,*! Ni/Si0O,,>* or Pd/C.** The products differ
depending on reaction conditions. A mild liquid reaction of
range ~200 °C will predominantly produce guaiacol or syringol
with the alkyl side chain intact at the 4-position. The amount
of substitution of this alkyl side chain with hydroxyl groups
can vary depending on reaction conditions and catalyst.***°
Under more severe conditions, ring hydrogenation and hydro-
demethoxylation can occur to yield saturated compounds such
as 4-propylcyclohexanol or 4-propylcyclohexane, which are suit-
able for fuel applications.*®?”

For many depolymerization approaches, enormous effort
has been invested in the study of reaction conditions, particu-
larly selection of catalysts and solvents.***' More importantly,
these conditions were also often used as a benchmark to deter-
mine the effectiveness of the depolymerization approach. On
the other hand, the structural features of lignin used in the
reaction are often not considered, despite several studies
reporting significantly lower yields when the same methods
performed on lignin dimer models were applied to real
lignin.>*** Specifically, there has not been conclusive evidence
demonstrating how these structural features are fundamentally
related, especially after lignin-modifying extraction or pretreat-
ment, and how it would affect lignin’s susceptibility towards
depolymerization. Previous studies have suggested that native
lignin in biomass with higher syringyl/guaiacyl unit ratios
(S/G ratios) give higher monomer yields from quantitative
thioacidolysis, which is due to the higher natural p-O-4
content.”>** Many lignin-modifying pretreatments have been
investigated,”™*” with each of these imparting changes to the
physical and chemical properties of lignin through different
mechanisms (for example by the cleavage of C-O bonds).
However, many of these pretreatments can also result in the
formation of new C-C linkages which hinder approaches to
generate aromatic monomers.**>° Knowledge of how these
changes impact a lignin’s susceptibility to depolymerization
could help in the integration of strategies for lignin conversion
into biorefining processes.

Therefore, the objective of this study is to develop a better
understanding of the relationship between lignin properties
and to model their effect on lignin susceptibility to depolymer-
ization through cleavage of ether linkages. This will be

This journal is © The Royal Society of Chemistry 2017
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achieved through solubility-based fractionation of a hardwood
lignin from an alkaline pretreatment liquor in order to gene-
rate lignin fractions exhibiting diverse properties. These frac-
tions will be characterized and subjected to three depolymeri-
zation approaches. Correlations amongst the lignin properties
and between obtained yields will be established in order to
develop a methodology for assessing lignin quality for its suit-
ability for depolymerization.

Results and discussion
Lignin fractionation

The lignins used in the first part of this study were obtained
from the fractional precipitation of pretreatment liquors fol-
lowing the mild alkali pretreatment of hybrid poplar at a final
temperature of 150 °C at a total time of 3 h as performed in
our previous work in order to minimize lighin modification
and to maximize xylan retention in the pretreated biomass.>’
Both native and process-modified lignin are highly hetero-
geneous which hinders accurate characterization and may
limit their value for applications requiring a homogeneous,
well-defined starting material. For this work, alkali-solubilized
lignins are subjected to fractionation in order to both obtain
more homogeneous lignin fractions and to enrich or deplete
these fractions in certain properties that can yield insight into
property differences that impact the conversion process
chemistry.

A number of approaches for the recovery and fractionation
of lignin from alkaline pulping or pretreatment liquors have
been explored in the past. These approaches include ultrafiltra-
tion or approaches based on precipitation due to altering the
properties of the solvent by acidification with a weak or strong
acid and the use of organic solvents.>® > Of these approaches,
CO, acidification has been employed in a number of recent
commercial or pilot studies, including LignoBoost™,
LignoForce™, and of particular interest to this study, the
Sequential Liquid Recovery and Purification™ (SLRP™)
process.’*™® This pH-based fractionation by CO, has pre-
viously shown the ability to generate lignin fractions with
different properties from Kraft black liquor of softwood
biomass.”® For the present work, lignin fractionation was per-
formed using two approaches to sequentially acidify and frac-
tionally recover lignins from this alkaline pretreatment liquor.
The first approach utilized sequential acidification and pre-
cipitation with CO, at room temperature and atmospheric
pressure, while the other (i.e., the SLRP™ process) was per-
formed at elevated temperature and pressure as in our pre-
vious work.”® The mass yields for the lignin fractions obtained
from these processes are presented in Table 1. This shows that
for recovery at the same pH range, the room temperature recov-
eries were more than double from the SLRP™ process. This
may be due to the higher solubility of the lignin at higher
temperature. These fractions, hereafter, will be referred to as
named in Table 1 throughout the study. Furthermore, it
should be understood that these fractions do not represent

This journal is © The Royal Society of Chemistry 2017
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Table 1 Percent recovery of each fraction through CO, acidification at

room temperature and at 115 °C (SLRP™). The pH 2 fraction was
obtained by acidification with H,SO4

Room temperature (RT) fractionation

Precipitation pH Fraction name Percent recovery

11 RT-1 8.42
10.6 RT-2 20.79
10 RT-3 13.95
9 RT-4 12.59
2 RT-5 26.07

Sequential liquid-lignin recovery and purification (SLRP)

10.5 SLRP-1 4.05
10 SLRP-2 7.95

100% of the recoverable lignin, but were generated in order to
better understand how diversity in lignin properties impact
depolymerization aromatic monomer yields.

Properties of fractionated lignins

Next, we characterized the properties of the different lignin
fractions by applying a number of characterization techniques.
These techniques included determination of S/G ratios as
measured by both 2D "H-"*C-correlated HSQC NMR and quan-
titative thioacidolysis, the fraction of linkages between mono-
lignols by HSQC NMR, the p-O-4 contents by quantitative
3C-NMR, the phenolic and aliphatic hydroxyl content as deter-
mined by "H-NMR, and the molecular weight using gel per-
meation chromatography (GPC). All results are available in the
ESLT It was found that all of these properties, with the excep-
tion of the aliphatic hydroxyl content, exhibited obvious trends
across the various fractions obtained by pH-based lignin
fractionation.

The HSQC spectra of fraction SLRP-1 is shown in Fig. 1 as a
representative spectrum. From this, it can be observed that in
the aromatic region a minor fraction (3%) of the syringyl units
are oxidized (S'). Also, it can be observed that there is no sig-
nificant increase in the peak corresponding to p-hydroxyphe-
nyl, which implies that there was no or negligible demethoxyl-
ation occurring during the alkali pretreatment and fraction-
ation process. The S/G ratios from the HSQC spectra were
determined as the relative integration areas of the S, s and S', ¢
peaks to the G, peak. The results (Fig. S17) indicate a distinct
trend that lignin precipitated at higher pH, particularly from
the SLRP process, showed higher values of S/G ratios with the
highest (S/G = 1.99) from fraction SLRP-1 and lowest (S/G =
1.80) at pH 2 (RT-5). It should be noted that the SLRP fractions
exhibit higher S/G ratios relative to room-temperature frac-
tions. This trend is in a good agreement with S/G ratios
obtained from thioacidolysis, which are all slightly lower than
those from HSQC, ranging from 1.95 in SLRP-1 fraction down
to 1.73 in sample RT-5.

Three types of linkages in the aliphatic region from HSQC
spectra were detected, including p-O-4, $-5 and f-p (Fig. 1).
From both regions of the spectra, no other peaks corres-
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Fig. 1 2D H-'*C HSQC NMR spectra showing lignin fraction SLRP-1 composition and linkages. The contours in aliphatic region (left) are used to
quantify the fraction of inter-unit linkages, while those in the aromatic region (right) are used for S/G ratios.

ponding to possible linkages from alkali pretreatment, such as
stilbene and diarylmethane, were detected. It should be noted
that there could be some linkages as a result of condensation
that would not be detectable through HSQC NMR such as 5-5
linkage. Therefore, the assessment of linkages from HSQC
NMR was semi-quantitative, i.e. percentage of detected link-
ages. The percentage trend of linkages is obvious and is
shown in Fig. S3,f which indicates that lignin at higher pH
fractions, particularly SLRP fractions, contained a higher pro-
portion of the p-O-4 and -5 linkages, while the relative abun-
dance of the p-p linkage increases as recovery pH decreases. It
should be noted that adding standards for absolute quantifi-
cation was not performed due to several prohibitive factors
that originate from the lignin; primarily the error caused by
varying 7T, relaxation and resonance offsets in HSQC NMR
which affect the signal intensity.®® Instead, quantitative
BC-NMR was used to directly determine the amount of p-O-4
linkages per 100 aryl units. A similar trend was observed, in
which the fractions recovered at higher pH contained higher
$-O-4, and the increase was particularly pronounced in SLRP
fractions (Fig. S11). Notably the fraction with highest p-O-4
content, SLRP-1, was shown to have double the -O-4 content
relative to the lowest.

Next, we investigated the amount of phenolic and aliphatic
hydroxyl groups by application of '"H-NMR of the acetylated
lignin fractions. The results indicated that the amounts of ali-
phatic hydroxyl groups remain nearly constant across all frac-
tions with the exception of the pH 2 fraction (Fig. S21). The
amount of phenolic hydroxyl groups, on the other hand,
demonstrated a clear trend in which higher pH fractions,
especially the SLRP fractions, had a lower content of phenolic
hydroxyl groups. We have previously identified this same trend
in SLRP-fractionated lignins derived from a softwood Kraft
black liquor.*® Lastly, the results from GPC for molecular
weight also demonstrated a trend across the fractions with the
high-pH fractions exhibiting the highest molecular weights

(Fig. S37).
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In summary, we identified trends in almost all properties of
lignin except aliphatic hydroxyl group. Higher values for p-O-4
content, S/G ratios, and molecular weight were observed in
higher pH fractions with the effect more pronounced in SLRP
fractions. The phenolic hydroxyl group showed an opposite
trend where its amount is lower in higher pH fraction and
increases as pH fraction decreases. Apart from S/G ratios,
these trends from the hardwood used in this study are similar
to those reported earlier from softwood by Stoklosa et al.>

Depolymerization of fractionated lignins

As it was shown that there are trends in structural features
corresponding to precipitated pH, this section aims to investi-
gate how the difference in these features affects their suscepti-
bility to depolymerization. This was examined by quantifying
yields of monomers generated from lignin following depoly-
merization utilizing three different conversion chemistries.
These included catalytic oxidation utilizing molecular oxygen
and a homogeneous copper catalyst under alkaline conditions
and elevated temperature. This approach is comparable to
what has been employed commercially in the past to produce
vanillin from lignosulfonates.”® The second approach
employed hydrogenolysis using ethanol as both a solvent and
a hydrogen source catalyzed by Ni on an inert support at elev-
ated temperature and pressure. The third approach employed
quantitative thioacidolysis. Although each approach shows
different monomer-product distributions, we chose to focus
on the total yields (Fig. 2). Similar to the lignin properties
across the different fractions, clear trends were observed for
monomer yields following depolymerization. We must stress
that the yields, by necessity, must be based on the total
content of lignin. There is not a clear consensus on how aro-
matic monomer yields from lignin should be defined,
especially lignin that has been chemically modified where its
composition may be altered beyond definition of lignin.®?
Therefore in order to be consistent, the present study has
reported all yields from these reactions on a basis of Klason

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Trends in monomer yields from different depolymerization techniques, including (A) Cu-catalyzed oxidation, (B) quantitative thioacidolysis,

and (C) Ni/C-catalyzed hydrogenolysis.

lignin, which does not consider acid-soluble lignin and may
contain contaminants such as proteins.®

Prior to performing oxidation on the different lignin frac-
tions, a kinetic study of monomer yields and selectivities was
performed on SLRP-2 (Fig. S4t) in order to determine optimal
reaction conditions since oxidation products have been
reported to repolymerize under these conditions.®* Although
optimal yields may differ from fraction to fraction, the optimal
yields for sample SLRP-2 were obtained at 7 min which was
chosen as the reaction time used for all other pH fractions.
The results show that monomer yields from oxidation gener-
ally increased as the recovery pH increased (Fig. 2A). It should
be noted that previous work using alkali poplar lignins for Cu-
catalyzed oxidation were able to achieve yields of around 10%,
which is roughly an average of all the RT samples combined.>'
The differences in yields were not apparent, especially in frac-
tions recovered at higher pH. There was also a discrepancy in
sample RT-1 and RT-2, which fell out of trend. The ambiguity
in trends is likely due to the intrinsic mechanism of oxidative
cleavage in alkali solution, wherein depolymerization and con-
densation reactions share similar intermediates.®®> Moreover,
the desired product itself, vanillin, was previously shown to be
able to condense to form dimers.®* The concurrence of these
reactions makes the trend of lignin-monomer yields through
oxidation not as obvious as we would expect compared to the
trend from quantified properties.

We next employed quantitative thioacidolysis to assess the
yields across the lignin fractions. Thioacidolysis cleaves exclu-
sively ether linkages within lignin and yields stable products.
The results from quantitative thioacidolysis show a clear trend
whereby fractions recovered at higher pH demonstrated higher
yields (Fig. 2B). Similar to the trends observed for lignin pro-
perties, the results from the SLRP fractions are particularly
notable when compared to the fractions recovered at ambient
temperatures and pressures. Additionally, lower yields were
observed for these fractions than were obtained from oxi-
dation, which may be attributed to the less selective nature of
oxidation reaction, which was shown to also cleave certain C-C
linkages, in addition to ether linkages in presence of Cu®" or
other catalysts to yield aldehydes and ketones.”>>*®® The
results were not entirely unexpected as both *C-NMR and

This journal is © The Royal Society of Chemistry 2017

HSQC NMR show that higher pH fractions contain more p-O-4
linkages, which is the target for thioacidolysis. However, the
monomer yields have demonstrated how differences in p-O-4
content affect lignin depolymerization. From Fig. 2B a five-fold
difference in yields can be observed between the two extreme
fractions that correspond to a two-fold difference in p-O-4. The
topic of how -O-4 content can be related to these depolymeri-
zation yields will be investigated in subsequent sections.

Lastly, the lignin fractions were screened for monomer
yield by hydrogenolysis catalyzed by carbon-supported Ni. This
approach has been used in many recent studies®**"*7%8 as it
has been demonstrated to produce high monomer yields
(>40%) with excellent selectivity.®® It was also shown by HSQC
NMR to selectively cleave only ether linkages at a reaction
temperature of 200 °C in ethanol.>®> When subjected to hydro-
genolysis the fractionated alkali lignins, however, showed that
the highest yield achieved was 7% (Fig. 2C). Unlike the
approach using oxidation, the monomer products are stable
under the conditions used for hydrolysis and a clear trend can
be observed within the fractions from alkali-pretreated lignin.
The samples from higher pH fractions, particularly SLRP, pro-
duced more monomers.

We have shown that lignin properties have a strong impact
on its susceptibility toward cleavage of ether linkages.
Particularly, the trends are clear in thioacidolysis and hydro-
genolysis as it was not complicated by other side reactions that
may have occurred during oxidation. Nonetheless, general
trends from any of the depolymerization techniques point
toward higher monomer generations in the fractions recovered
at higher pH, notably in the SLRP fractions, with significant
gaps as high as four times the yield from thioacidolysis
between the highest pH SLRP fractions and the lowest pH
atmospheric fraction. Therefore, lignin properties can greatly
affect the outcome of depolymerization reactions.

Correlating lignin properties and monomer yields for
fractionated alkali lignins

Several obvious trends were identified among the fractionated
alkali lignins, namely that properties of lignin co-vary and that
these properties can be linked to the potential for generation
of aromatic monomers from lignin. In this section, these

Green Chem., 2017, 19, 5131-5143 | 5135
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results are correlated in order to gain deeper insight into how
these trends are connected. The trends among almost all pro-
perties from the previous section imply that the properties of
lignin, even after the alkali pretreatment, were still fundamen-
tally related. Correlations among some of the quantified pro-
perties, as summarized by the Pearson’s Correlation
Coefficient (R), are presented in Fig. 3. This shows that a
number of strong correlations can be observed between many
properties. Importantly, S/G ratios, molecular weight, phenolic
hydroxyl groups, and p-O-4 content, were all found to have
R values of greater than 0.95, with the exception of the corre-
lation between S/G and (-O-4 content, which is still above 0.9.
It has been shown that in native lignin, S/G ratios are corre-
lated with B-O-4 content as high S/G ratios result in more -O-4
linkages as the extra methoxyl group in syringyl monomers
prevents formation of C-C linkages at the 5-C position during
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Fig. 3 Correlation map for fractionated alkali lignin properties and
monomer yields demonstrating strong correlations between most lignin
properties and its susceptibility to depolymerization via $-O-4 cleavage.

View Article Online

Green Chemistry

lignin biosynthesis.** In our pretreated lignin fractions, this
same correlation still exists.

Given that the original native lignin possesses the highest
-O-4 content and that during pretreatment these linkages are
broken, the fractions depleted in $-O-4 content signify more
cleavage and are correlated to lower molecular weight.
Cleavage of the p-O-4 linkages then result in the formation of
new phenolic hydroxyl groups giving negative correlations
between phenolic hydroxyl groups, $-O-4 linkages, and mole-
cular weight (Fig. 4A). The difference in the amount of pheno-
lic hydroxyl groups is likely the factor that allows fractionation
based on pH in this study to be possible because in alkaline
solutions one of the factors that promotes lignin solubility is
the deprotonation of phenolic hydroxyl groups.”®

Similar to the trends observed among the lignin properties,
trends can be observed across these lignin fractions subjected
to depolymerization with different techniques. Monomer
yields from thioacidolysis and hydrogenolysis exhibited strong
correlations to a number of lignin properties, while oxidation
yields were much less strongly correlated (Fig. 3). Specifically,
thioacidolysis yields showed a linear correlation for many of
the lignin properties (Fig. 4B & C). However, it should be noted
that this linearity could be the result of the small range of
f-O-4 content inherent in processed lignin. It may not be
extrapolated to a wider range of f-O-4 content as will be shown
in later sections. Nonetheless, the results indicate that the
diverse structural properties of the lignin are fundamentally
correlated and affect the depolymerization reaction accord-
ingly. Consequently, a single property can be used as a descrip-
tor of lignin susceptibility to depolymerization.

Prediction of monomer yields from f-O-4 content

We have established that lignin properties, even after the alka-
line pretreatment performed in this work, are still fundamen-
tally inter-dependent and they also correlate well with the yield
of monomers generated by three different catalytic depolymeri-
zation chemistries. This section aims to further analyze the
effect of lignin properties beyond just correlation. We aim to
validate a generalizable prediction model based on a quantifi-
able lignin property. This would yield a tool to assess the
potential of lignin to yield aromatic monomers. Since most of
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Fig. 5 Lignin chain model of chain length n used for formulating prediction rationale. The i*" monomer unit, n™ linkages of lignin are represented

by m; and d,,. A triad is composed of three monomer units.

these properties are related, this implies that a single property
can be selected to represent the other properties, and serve as
a descriptor for the depolymerization of lignin utilizing
approaches that target inter-unit ether linkages. To do so, we
chose the amount of f-O-4 content as a property to predict
lignin susceptibility to depolymerization, i.e. maximum poss-
ible yields, because it is relatively easy to establish a rationale
for the predicting formula.

For a monomer to be generated from the cleavage of p-O-4
linkages, a unit in a triad as shown in Fig. 5 must either have
two adjacent B-O-4 linkages or be at the chain end connected
by a p-O-4 linkage. For example, for m, in Fig. 5 to be released
as a monomer, both d; and d, must be -O-4 linkages because
otherwise a dimer or oligomer would be generated instead if
one of the connecting linkages was a C-C bond. Likewise, for a
m, to be released as a monomer, d; must be an ether linkage.
As a lignin polymer is assumed to be synthesized by the free
radical mediated oxidative polymerization mechanism, the dis-
tribution of linkages throughout the polymer can be assumed
to be random. Therefore, the quantified content of a lignin
property, such as p-O-4 content, can be considered to represent
the probability that linkage within the polymer is a f-O-4. With
this assumption, the prior rationale can be applied to yield an
expression predicting the probability that any monomer within
the lignin polymer can be released by cleaving a f-O-4 bond as:

P(A N B) = P(A)P(B) (1)

where P(A) is the probability of a p-O-4 linkage existing on one
end of a triad and P(B) is the probability of a p-O-4 linkage
occurring at the other end of the triad. Likewise, the prob-
ability that a monomer will be released from a polymer chain
end can be considered as P(C), represents the probability of a
$-O-4 linkage occurring as the terminal linkage at the end of a
polymer chain. This methodology is based on the simplifica-
tion that lignin is a linear polymer without branches or cross-
links between polymers. Recent work has provided evidence
that at least some native lignins may be primarily linear oligo-
7172 Based on this rationale and assuming that any of
the monomer-yielding events are mutually exclusive, the
monomer yield can be estimated based on the expected values
of B-O-4 content, which is:

mers.

2

E[Yield] = % iE[P(Ai)P(Bi)] + Y E[P(Cy)] (2)

i—1
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Assuming the f-O-4 content is randomly distributed
throughout the polymer chain (i.e., the probabilities that any
bond is a p-O-4 bond are equal), this expression simplifies to:

(n —2) x (p-O-4 Content)*
" (3)
n 2 x (B-O-4 Content)
n

ElYield] =

where n is the number of monomers within the chain. The
general form of this same equation has been previously
derived for predicting distributions of polymer depolymeriza-
tion products by Montroll and Simha in 1940.”® For the case
where the lignin chain is very long (i.e., n > 100), eqn (3) can
also be truncated to:

E[Yield] = (p-O-4 Content)® (4)

This simplified model relating lignin $-O-4 content to
monomer yields was first proposed in the work of Yan et al.®®

Based on the empirical model developed in the Experimental
section and eqn (3), the predicted trends for monomer yield
versus p-O-4 content for a lignin with a chain length of 100 and
25 units with the p-O-4 content exhibiting a Gaussian distri-
bution were generated (Fig. 6). It can be observed that the
trends do not vary significantly within this window of chain
length indicating that the difference in number of end units is
still relatively insignificant.”* In Fig. 6, the red circles represent
thioacidolysis yields from different alkali-pretreated fractions.
These yields followed the predicted trend very well, where
twice the amount of p-O-4 content in the fraction SLRP-1
produced almost three times the monomer amount compared
to RT-5. However, the range of $-O-4 content within these frac-

Most
Likely

n =25

— E[Yield]
Fractionated Alkal Lignins
Birch CEL Lignin

= — E[Vield]

Distribution of Yields

Least
Likely

%
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
B-0-4 Content B-0-4 Content

Fig. 6 Predicted monomer yields as a function of $-O-4 content for
lignin polymer populations of chain length of 100 monomers (left) and
25 monomers (right) with yields (mol/mol) from quantitative thioacido-
lysis of fractionated poplar lignin and native birch lignin (CEL lignin)
included for validation.
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tions are still limited. Therefore, a lignin from dioxane extrac-
tion was generated with a 38% extraction yield. Application of
BC-NMR and quantitative thioacidolysis to this lignin showed
a p-O-4 content of 65% and a monomer yield of 38% (Fig. 6,
green square). The results conformed to the predicted trend as
well as asserting the importance of obtaining a lignin enriched
in p-O-4 content if the goal is to generate high monomer yields.

Theoretically, if the p-O-4 content is reduced during alkali
pretreatment, this should not cause its thioacidolysis yields to
be inferior to those from extracted lignin as the loss in ether
linkages would be compensated by an increase in end-chain
units. However, the fact that the monomer yields from alkali
lignin fractions are significantly lower could be derived from
two factors. Namely, the potential formation of C-C bonds by
condensation reactions during the pretreatment, and, second,
that f-O-4 units cleaved during pretreatment yield monomers
and short chain oligomers that were not recovered during
lignin recovery by pH fractionation.

A closer look to the prediction results further emphasizes
the significance of the quality of lignin. With lower p-O-4 con-
tents in the pretreated biomass, regardless of reaction optimiz-
ation or catalyst selection, high monomer yields are not achiev-
able from these lignins. The correlation in eqn (4) not only
explains the low yields from the alkali lignin fractions in this
study, it also provides justification for performing lignin de-
polymerization prior to significant lignin modification. For
example, certain studies employed catalytic reductive cleavage
of lignin using whole biomass as a substrate with the reaction
conditions and solvents chosen to limit undesirable conden-
7576 With high quality lignin substrate and
limited condensation, yields have been demonstrated in the
range 20-50% from a variety of catalysts and biomass sources
for p-O-4 contents that were expected to range from
50-70%,°*°®777% while a high-syringyl content transgenic
poplar containing primarily f$-O-4 bonds could achieve
monomer yields as high as 78% monomers.”® Likewise, high
monomer yields were also observed in oxidative cleavage
approaches that used isolated lignin and mild reaction con-
ditions.®® Therefore, from the predicted results and mentioned
examples, it was clear that lignin quality was crucial for achiev-
ing high monomer yields. This can be contrasted to the hydro-
genolysis yields obtained from alkali hardwood lignin in this
study, which used similar reaction conditions (Fig. 2).

Monomer yields of pretreatment-derived lignins from oxi-
dation and hydrogenolysis are also plotted against the predic-
tion model (Fig. 7) and show that unlike the yields from thio-
acidolysis that show good agreement with the model prediction,
the yields from the oxidation reaction do not. As the model
prediction is based solely on the cleavage of f-O-4 bonds, this
discrepancy can be hypothesized to be due to the less selective
nature of the oxidation reaction as well as potentially conden-
sation of the monomer products. The yields for hydrogenoly-
sis, on the other hand, seem to follow the trend. This should
be expected as previous work has shown that only peaks
corresponding to ether regions on HSQC NMR disappear after
the hydrogenolysis reaction. Moreover, a hydrogenolysis reac-

sation reactions.

5138 | Green Chem., 2017, 19, 5131-5143

View Article Online

Green Chemistry

= 20% 1 @ Thioacidolysis *®
8 _ 8% 1 & Oxidation

E 216?’ | B Hydrogenolysis ¢ ()
%S 1% 1—n=10 o/
235 —n=15 ’
S.EIO% l—n =25 ‘ ,/
38 ¥ _nx»100 oY -n

B 8 6% =

E = 4:4, 1 .’ Sl
I .

0% 5% 10% 15% 20% 25% 30% 35%
B-O-4 Content per monomer

Fig. 7 The effect of chain length on predicted monomer yields
(mol/mol) and yields from thioacidolysis, oxidation, and hydrogenolysis
of fractionated lignin versus p-O-4 content. The monomer yields from
all three reactions were corrected to a “per mol” basis from a “per mass”
basis.

tion conducted on p-5 dimer did not produce any monomers.*’
However, it can be seen in Fig. 7 that although the trend
follows the prediction line, the values are lower than what is
predicted for thioacidolysis. This could be due to a number of
factors such as incomplete conversion for the reaction time
used, or incomplete solubilization of the pretreatment-derived
lignins in the solvent. Either of these assertions is supported
by the finding that a considerable amount of lignin residue
remained after the reaction; however, accurate measurement
of the residue was not possible due to the limited amount of
available samples.
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Fig. 8 Predicted yield distributions for monomers, dimers, and oligomers
from the cleavage of $-O-4 in a population model of lignin polymers of
n = 100 over a range of p-O-4 contents.
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Besides monomer yields, this approach can be extended to
predict the yield of oligomeric products by employing a similar
rationale to that used for monomer generation. As an example,
to yield a dimer, three monomers must be linked by two non-
adjacent p-O-4 linkages. These results, as shown in Fig. 8 pre-
sented as cumulative yields, show that for a p-O-4 content of
50%, cleavage of all p-O-4 linkages would be predicted to yield
approximately 10% tetramers, 17% trimers, 25% dimers, 27%
monomers, and 21% all other oligomeric products. From this
plot it can be observed that as p-O-4 content increases above
ca. 55%, the yield of monomers dominates over other oligo-
meric products (Fig. 8). Again, this emphasizes the importance
of enhancing and preserving p-O-4 content of lignin, preferably
above 55% or more, if high monomer yields are the goal. In
fact, recent studies tried to achieve this through so called
lignin-first biomass pretreatment and isolation processes.® %3

Conclusions

The present work has demonstrated through characterization
of hardwood lignins generated by pH-based fractionation of
alkaline pretreatment liquors that many lignin properties
exhibited strong correlations with each other. Specifically,
lignin fractions with higher S/G ratios were found to have
higher p-O-4 contents and molecular weights with lower phe-
nolic hydroxyl contents. More importantly, the differences in
these properties among fractions, specifically p-O-4 content,
were shown to greatly impact the achievable monomer yields
through three different lignin depolymerization approaches.
Furthermore, a model was developed to explain the correlation
between f-O-4 content and monomer yield. The prediction
model was validated experimentally by *C-NMR quantified
$-O-4 content and quantitative thioacidolysis yields from the
fractionated lignins as well as “native” extracted hardwood
lignin. As the model predicts that the maximum achievable
yield is the p-O-4 content squared, it highlights the importance
of preserving high p-O-4 contents in the lignins during pre-
treatment or isolation.

Experimental
Lignin fractionation

Pretreatment was performed in an M/K Systems, Inc. (Peabody,
MA, USA) single vessel pulp digester with a capacity of 10 L
using debarked wood chips of 20-year old hybrid poplar
(Populus nigra x maximowiczii cv. NM6) obtained from
Dr Raymond Miller (Michigan State University Forest Biomass
Innovation Center, Escanaba, Michigan). Pretreatment was
performed at a liquor-to-wood ratio of 4:1 using conditions
identical to those in our previous work for an H-factor of
166.°" These mild pretreatment conditions were utilized to pre-
serve solubilized lignin quality. Lignin was fractionally precipi-
tated from this liquor through two sequential pH reduction
approaches. The first one employed sequential acidification
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and precipitation at using CO, at room temperature and
atmospheric pressure. For room temperature fractionation, pH
was decreased stepwise as shown in Table 1 until a pH of 9.0
was achieved and yielding 4 fractions. A final fraction was gen-
erated by further acidification to a pH of 2 by addition of 1 M
H,S0,. The second lignin fractionation approach employed
the Sequential Liquid-Lignin Recovery and Purification (SLRP)
process using CO, acidification at elevated temperature
(115 °C) and pressure (6.2 bar) as reported in our previous
work.®* For this, the SLRP fractions represent the lignin recov-
ered by acidification between a pH of 11.0 of 10.5 (SLRP-1) and
the pH increment of 10.5 to 10.0 (SLRP-2) as shown in Table 1.
The Klason lignin content of each pH fractions, as determined
by NREL standard procedure (NREL/TP-510-42618), was used
as a basis for subsequent characterization and monomer yield
determination.

Lignin extraction from birch

To assess the impact of lignin depolymerization on a “native”
lignin, lignin was extracted from debarked silver birch (Betula
pendula Roth.) grown in northern Sweden and supplied Curt
Lindstrom (Smurfit-Kappa Kraftliner AB, Pited, Sweden). The
lignin extraction was performed according to the method pro-
posed by Gu et al.®® In short, the biomass was cryogenically
ball-milled in a TissueLyser II (Qiagen, Hilden, Germany) for a
total of 4 h with 15 min interval for cooling in liquid nitrogen.
The ball-milled sample was dissolved in 8% LiCl/DMSO at a
concentration of 5% by weight and stirred at 25 °C for 48 h
then at 50 °C for 24 h. The biomass was precipitated as a gel
by dropwise addition of the LiCl/DMSO solution into de-
ionized water. This gel was thoroughly washed with deionized
water until no Cl remained in the gel as determined by
addition of AgNO;. The decrystallized biomass sample was
then lyophilized before undergoing enzymatic hydrolysis for
72 h (20 mg protein per g biomass; CTec II and HTec II from
Novozymes in a 2:1 ratio at 50 °C with in pH 5.25, using
0.05 M Na-citrate buffer). Next, the sample was washed with
excess water and lyophilized again. The solid residue was then
subjected to dioxane extraction for 6 h with 50 mL 96%
aqueous (v/v) dioxane.

Lignin acetylation

Acetylated lignin samples were used for "H NMR and GPC ana-
lyses. The procedure was adopted from previous study with
slight modification.”® Essentially, 12.5 g L™" of lignin solution
in 1:1 pyridine/acetic anhydride was prepared. Fractions that
were harder to solubilize were subjected to sonication for
10-20 min. The completely dissolved solutions were left in an
incubator at room temperature and 180 rpm for 24 h before
applying washing steps as in the previous study.

NMR analysis

'H-NMR spectra were acquired on a 500 MHz NMR spectro-
meter (Agilent 500/54) equipped with a OneNMR probe.
Acetylated lignin was dissolved in CHCI;-d; at a concentration
of 44 mg mL™". Pentafluorobenzaldehyde (PFB) was used as an
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internal standard with tetramethylsilane (TMS) as a peak refer-
ence. The spectra were acquired from —2 to 14 ppm with a 30°
pulse, a recycle delay of 4 s, and a total of 800 scans. Aliphatic
and aromatic hydroxyl content were determined on a per aro-
matic basis (mol mol™") by using the methoxyl content cor-
rected for the thioacidolysis-determined S/G ratio. *C-NMR
spectra were acquired on a 500 MHz NMR spectrometer
(Varian Inova) equipped with a double-resonance broadband
probe. Proton decoupling was applied only during acquisition
period (i.e., decoupling-NOE). A sample of lignin (300 mg) was
dissolved in 0.6 mL DMSO-d, along with 2.0 mg chromium(ur)
acetylacetonate as a relaxation reagent. Sonication was used to
facilitate dissolution. The spectra were acquired from —15 to
235 ppm with a 90° pulse, a recycle delay of 1.7 s, and an
acquisition time of 1.2 s. A total of 10 000 scans were collected.
Peak assignments were based on the previous literature.®*®”
The p-O-4 content was determined on a per 100 aromatic
monomer basis (mol/mol) by using the methoxyl content cor-
rected for the thioacidolysis-determined S/G ratio. The gradi-
ent 2D "’C-"H-correlation (HSQC) experiments (Bruker stan-
dard pulse sequence ‘hsqcedetgpsisp2.2’; phase-sensitive ge-
2D multiplicity-edited HSQC using PEP and adiabatic inver-
sion and refocusing pulses with gradients in back-inept) were
performed on a 900 MHz NMR spectrometer (Bruker Avance)
equipped with a TCI triple-resonance inverse detection cryo-
probe. A sample of lignin (100 mg) was dissolved in 0.6 mL
DMSO-dg. The solvent peak (5¢ 39.5, 8y 2.49 ppm) is used as
an internal reference. The spectra were acquired from 0 to
9 ppm in F, ("H) dimension by using 3234 data points for an
acquisition time (AQ) of 200 ms, and from —15 to 155 ppm in
F, (**C) dimension by using 512 increments (AQ of 6.66 ms).
The number of scans per t1 increment was 32, and the recycle
delay was 1 s. The total experimental time was 337 min. Peak
assignments were based on the prior literature.>>%%°!

Gel permeation chromatography

Gel permeation chromatography (GPC) was performed as in
our previous work.>® Briefly, acetylated lignin (2 mg mL™") was
dissolved in THF. The samples were analyzed by HPLC (Agilent
1100) equipped with a Waters Styragel HR 4 column (Milford,
MA, USA) at a flow rate of 0.5 mL min~", temperature of 40 °C,
and detection by UV absorbance at 280 nm. Polystyrene stan-
dards of molecular weight 1, 10, 50, 100, 200 kDa were used
for calibration.

Thioacidolysis

Quantitative thioacidolysis utilizing derivatized monolignol
standards was performed as described in our previous work.*?
For this, three 2 mg replicates of dried and isolated lignin
sample were weighed into glass vials and heated with a
mixture of dioxane, ethanethiol, and boron trifluoride diethyl
etherate to liberate the lignin monomers. The extracted
thioether derivatized monomers were subsequently silylated
with N,O-bis-trimethylsilyl-acetamide (BSA) and quantitated
using GC-MS analysis (Agilent 7890A/5975C MS).
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Catalytic oxidation

The catalytic oxidation method was adapted from the litera-
ture."” For this, 10 mg of each lignin sample and 5% (w/w)
CuSO, were dissolved in 5 mL of 2 M NaOH. Samples were
sonicated for 10 min to ensure complete dissolution. The solu-
tion was then poured into a 50 mL passivated stainless steel
reactor and pressurized to 10 bar with O, gas (>99.99% purity,
Airgas) following evacuation of the reactor headspace by
vacuum. The reactors were submerged in a fluidized sand bath
(Techne, Cole-Palmer) preheated to 160 °C for a specific period
of time. When the reaction was complete, the reactor was sub-
merged in an ice bath for 10 min. The pH of the final solution
was reduced to 2.0 by addition of 6 M HCI and centrifuged to
isolate the solid residue. The products in the liquid fraction
were extracted four times by chloroform. The solution was
then evaporated under vacuum at 40 °C and re-dissolved in
10 mL of 1:1 methanol/water with 1% (v/v) formic acid.
Quantification of the products was performed by HPLC
(Agilent 1100) using 1 :4 methanol/water with 1% formic acid
as a mobile phase and a C18 column (Atlantis T3 100 A, 3 pm,
3.0 mm x 150 mm; waters). Standards for product quantifi-
cation included vanillin, vanillic acid, acetovanillone, syringal-
dehyde, syringic acid, acetosyringone, 4-hydroxybenzaldehyde,
and 4-hydroxybenzoic acid. All standards were purchased from
Sigma Aldrich and monomer yields were determined on a per
mass Klason lignin basis.

Catalytic hydrogenolysis

Catalytic hydrogenolysis of lignin was performed according to
previous work.*’ In short, 10% metal loading Ni/C was
synthesized by incipient wetness. Typically, 2.76 g of
Ni(NO;),-6H,0 (Sigma-Aldrich) was added to 8 g deionized
water and stirred until well mixed. The solution was then
added dropwise to 5 g of activated carbon (Darco® G-60,
Aldrich, water absorption capacity of 2.1 mL g~!). The mixture
was kept wet at room temperature for 24 h before drying over-
night at 100 °C. Then it was calcined at 400 °C under nitrogen
atmosphere for 4 h, and reduced at 400 °C under 10% H, in
an Ar atmosphere, both of which used at a temperature ramp
of 6.25 °C per min. The finished catalysts were stored and
weighed in an anaerobic glove box. For the hydrogenolysis
reaction, 40 mg of lignin, 30 mg of catalyst, and 4 mL of
ethanol were charged to a 10 mL passivated stainless steel
reactor while in the anaerobic glove box. Reactors were sub-
merged into a fluidized sand bath set at 220 °C for 6 h. The
resulting liquid was collected, filtered, and injected into
GC/MS (Agilent 7890A/5975C) using Agilent DB-WAXETR column
(30 m x 0.250 mm x 0.25 pm) with 1:1000 split for product.
The temperature program holds at 60 °C for 3 min before
ramping up at 40 °C min~" to 260 °C and held for 2.5 min.
Standards were run for quantification. Yields were determined
as mass products per mass Klason lignin using standard
curves constructed from pure monomers including 4-propyl
guaiacol, 4-propyl syringol, 4-ethyl guaiacol, 4-ethyl syringol,
and syringol. All standards were purchased from Sigma
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Aldrich except 4-propyl syringol, which was synthesized accord-
ing to Parsell et al.,*” and 4-ethyl syringol, which was estimated
using the same response factor as 4-propyl syringol. These pro-
ducts comprise all peaks that were detected.

Model development

Computational prediction of monomer yields was performed
in MATLAB (MathWorks, Inc., Natick, MA). For this approach,
populations of lignin polymers of length n with n — 1 bonds
between the n monomers were generated over a range of
expected values for p-O-4 contents (Fig. 5) on a per mol total
interunit linkages (i.e., n — 1 bonds). The assignment of the
identity of each of the n — 1 bonds between dyads as a B-aryl
ether was made by choosing a threshold value corresponding
to the expected value for f-O-4 content for a given population
using the ‘randn’ function in MATLAB. This was done to gene-
rate populations of lignin polymers of constant chain length
with randomly distributed p-O-4 bonds at a set average content
of p-O-4 bonds. This methodology was applied to determine
monomer yields from populations of 5000 polymers of desired
chain length n over a range of 0 to 100% over 2500 intervals
for the probability that any bond is a p-O-4 bond, where a
monomer can be generated only from two adjacent ($-O-4
bonds within a triad or a p-O-4 bond at a chain end. This
methodology assumes that lignin is a linear polymer and that
no cross-linking or aryl-aryl bonds are present in the polymer.
For comparing calculated theoretical yields to quantified
yields, the experimental yields by thioacidolysis, hydrogenoly-
sis, and oxidation were converted to a mol/mol yield by assum-
ing a molar mass of 196 g mol ™" for a guaiacyl monomer and
226 g mol~" syringyl monomer within the lignin polymer.
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