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Abstract

Background: In this work, three pretreatments under investigation at the DOE Bioenergy Research Centers (BRCs)
were subjected to a side-by-side comparison to assess their performance on model bioenergy hardwoods (a euca-
lyptus and a hybrid poplar). These include co-solvent-enhanced lignocellulosic fractionation (CELF), pretreatment
with an ionic liquid using potentially biomass-derived components (cholinium lysinate or [Ch][Lys]), and two-stage
Cu-catalyzed alkaline hydrogen peroxide pretreatment (Cu-AHP). For each of the feedstocks, the pretreatments were
assessed for their impact on lignin and xylan solubilization and enzymatic hydrolysis yields as a function of enzyme
loading. Lignins recovered from the pretreatments were characterized for polysaccharide content, molar mass distri-
butions, 3-aryl ether content, and response to depolymerization by thioacidolysis.

Results: All three pretreatments resulted in significant solubilization of lignin and xylan, with the CELF pretreatment
solubilizing the majority of both biopolymer categories. Enzymatic hydrolysis yields were shown to exhibit a strong,
positive correlation with the lignin solubilized for the low enzyme loadings. The pretreatment-derived solubles in

the [Ch][Lys]-pretreated biomass were presumed to contribute to inhibition of enzymatic hydrolysis in the eucalyp-
tus as a substantial fraction of the pretreatment liquor was carried forward into hydrolysis for this pretreatment. The
pretreatment-solubilized lignins exhibited significant differences in polysaccharide content, molar mass distributions,
aromatic monomer yield by thioacidolysis, and 3-aryl ether content. Key trends include a substantially higher polysac-
charide content in the lignins recovered from the [Ch][Lys] pretreatment and high 3-aryl ether contents and aromatic
monomer yields from the Cu-AHP pretreatment. For all lignins, the '*C NMR-determined B-aryl ether content was
shown to be correlated with the monomer yield with a second-order functionality.

Conclusions: Overall, it was demonstrated that the three pretreatments highlighted in this study demonstrated
uniquely different functionalities in reducing biomass recalcitrance and achieving higher enzymatic hydrolysis yields
for the hybrid poplar while yielding a lignin-rich stream that may be suitable for valorization. Furthermore, modifica-
tion of lignin during pretreatment, particularly cleavage of 3-aryl ether bonds, is shown to be detrimental to subse-
quent depolymerization.

*Correspondence: erichegg@msu.edu; david.hodge3@montana.edu
! Department of Biochemistry & Molecular Biology, Michigan State
University, East Lansing, MI 48824, USA

® Chemical & Biological Engineering Department, Montana State
University, Bozeman, MT 59715, USA

Full list of author information is available at the end of the article

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0002-9313-941X
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13068-019-1546-0&domain=pdf

Bhalla et al. Biotechnol Biofuels (2019) 12:213

Page 2 of 15

[ Keywords: Pretreatment, Cellulosic biofuels, Lignin, Aromatic monomers }

Introduction
Lignocellulosic biomass represents an enormous res-
ervoir of reduced carbon that offers the potential to
serve as a feedstock for the production of renewable
fuels, chemicals, and polymeric materials [1]. Further-
more, the adoption of these biomass-derived products
can support outcomes that include increasing domes-
tic energy security, reducing greenhouse gas emis-
sions, and supporting domestic rural economies [2].
A diverse range of biomass-to-biofuels technologies is
available, and in recent years commercial-, demonstra-
tion-, and pilot-scale processes for the deconstruction
and conversion of the structural polysaccharides within
lignocellulosic biomass to ethanol have been built [3].
These processes are based on herbaceous feedstocks
(e.g., corn stover/fiber, sugarcane bagasse, wheat straw)
and an acidic or mild alkaline hydrothermal pretreat-
ment followed by enzymatic hydrolysis and fermenta-
tion of the hydrolysates to ethanol. The process-derived
lignins are burned in a boiler to generate steam and
electricity. Established technical and economic chal-
lenges to the widespread commercial deployment of
these cellulosic biofuels processes include (1) substan-
tially higher capital and operating costs relative to the
starch- or sucrose-derived ethanol [4], (2) the supply
chain challenges associated with the low bulk density,
storage, and year-round availability of herbaceous feed-
stocks [5], (3) challenges with process integration (e.g.,
feedstock handling, fermentation inhibitors, etc.), and
(4) the low carbon mass efficiencies of these processes,
whereby 100 kg of dry biomass may yield up to 30-kg
ethanol biofuel as the theoretical upper limit set by
composition, hydrolysis yields, and fermentation yields.
While current processes utilizing pretreatment and
enzymatic hydrolysis for the generation of cellulosic
sugars employ herbaceous feedstocks, woody biomass
offers several potential benefits as a bioenergy feed-
stock. Although exhibiting higher recalcitrance than
herbaceous feedstocks, woody biomass has benefits
that include high biomass productivities, high bulk
densities relative to herbaceous feedstocks facilitating
transportation and storage, year-round availability, and
suitability for widespread cultivation on land that may
be economically marginal for other agriculture uses [6].
Plantation-growth hybrid poplar and Eucalyptus ssp.
are promising feedstocks for fiber and fuels [6-8] and
have been proposed to be grown on production cycles
ranging from 5 to 20 years [9]. Substantial research
has been devoted to short-rotation woody crops such

as hybrid poplar in temperate regions for use as a feed-
stock for heat and power applications [10] as well as
cellulosic biofuels [11, 12].

Hybrid poplars have been proposed as an ideal woody
feedstock for cellulosic biofuels due to a number of fac-
tors that include short generation time and rapid growth
rate, ease of propagation through vegetative propagation
and regrowth following harvest, and substantial genetic
diversity and tractability [9]. Field trials with hybrid pop-
lar plantations using cultivation strategies that include
single-stem production or short-rotation coppicing
have demonstrated biomass yields in the range of 4.5—
13.5 dry Mg/ha/year for Wisconsin, Michigan, and Min-
nesota [10, 13].

Eucalyptus ssp. are high-yielding, high-bulk density
feedstocks for fiber and potentially suitable as a feed-
stocks for bioenergy in tropical and subtropical regions.
Eucalypts are the most widely cultivated commercial
hardwood globally with over 20 million ha in cultiva-
tion [14] with the majority of Brazilian eucalypts grown
on 5- to 10-year rotations [15]. Furthermore, these trees
have demonstrated biomass productivities in the range
of 19-31 dry Mg/ha/year in Australia, Florida, and Brazil
[9, 15]. Additionally, freeze-tolerant eucalyptus varieties
have recently been engineered and have been proposed
to offer enormous potential for utilization in plantation
forestry in the southeastern U.S. if regulatory hurdles and
public opinion concerns can be overcome [14, 16].

While woody biomass exhibits many positive features
as outlined above, the higher recalcitrance of these feed-
stocks to deconstruction relative to herbaceous biomass
presents additional challenges. Pretreatment approaches
and conditions that are optimal for herbaceous feed-
stocks may be ineffective for select woody feedstocks,
necessitating either substantially harsher pretreatment
conditions or potentially new pretreatment strategies.
The successful integration of pretreatment technologies
with ethanol fermentation relies on careful consideration
of chemical inputs to the pretreatment and their inter-
actions with fermentative microbes. As one example,
solvent recovery is critical in pretreatments employing
solvents and/or reagents other than water such as co-sol-
vent, ionic liquid, and ammonia-based pretreatments. In
addition, pretreatments often generate compounds from
the biomass that act as inhibitors of enzymatic hydrolysis
[17] and fermentation [18]. As examples, pretreatments
performed under acidic conditions can lead to the forma-
tion of furans from the dehydration of sugars; mild alka-
line oxidative pretreatments could result in formation of
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phenolic acids; and in the case of ionic liquid or organo-
solv pretreatments, the solvent itself may inhibit enzymes
and could be toxic to fermentative microbes if not
removed [18]. Some pretreatments are capable of frac-
tionating biomass through the action of the solvent pref-
erentially extracting and solubilizing specific categories
of cell wall biopolymers (i.e., hemicelluloses and/or lignin
and their degradation products) to yield process streams
enriched or depleted in these biomass fractions.

Making comparisons and drawing conclusions between
individual pretreatment studies can be problematic due
to a number of contributing factors. As one example,
feedstock variability, even when utilizing the same plant
species, can contribute to differences in pretreatment
results as biomass feedstocks can exhibit substantial dif-
ferences in properties that include differences in geno-
type, growth and harvest conditions, particle size, and
storage history. Standardized assessment of pretreatment
efficacy by enzyme hydrolysis is another challenge with
potential sources of variability including differences in
enzyme source, batch-to-batch variability between com-
mercial cocktails, loss of enzyme activity with age, differ-
ences in the approach utilized to assay enzyme activity/
protein content to determine enzyme loading, and poten-
tially other minor differences in analytical protocols. As
such, standardized benchmarking of different biomass
deconstruction and conversion approaches is important
for assessing process performance. Single laboratory
comparisons of different pretreatments on single feed-
stocks have been performed on feedstocks that include
a hardwood [19], a softwood [20], or sugarcane bagasse
[21]. A number of larger scale multi-laboratory compara-
tive studies for benchmarking pretreatments have been
performed through the Biomass Refining Consortium for
Applied Fundamentals and Innovation (CAFI) for corn
stover [22, 23], hybrid poplar [12], and switchgrass [24,
25], while later work compared pretreatment technolo-
gies studied within the U.S. DOE’s Bioenergy Research
Centers (BRCs) for corn stover [25-27].

Building on these previous studies, the goal of the
work presented here was to compare the performance
of three pretreatments: (1) an acidic solvolysis pretreat-
ment employing THF and water co-solvents (co-solvent-
enhanced lignocellulosic fractionation, CELF) [28-32]
(2) a high-solid loading pretreatment with the ionic lig-
uid cholinium lysinate ([Ch][Lys]) that has the potential
to be derived from lignocellulosic biomass [33-37], and
(3) two-stage Cu-catalyzed alkaline hydrogen peroxide
pretreatment (Cu-AHP) utilizing an alkaline pre-extrac-
tion followed by an Cu-catalyzed alkaline—oxidative stage
[38—42]. The efficacy of these three pretreatments was
evaluated on two different hardwood feedstocks, a hybrid
poplar and a eucalyptus, and the impact of pretreatment
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on hydrolysis yields and lignin properties, including the
lignin’s susceptibility to depolymerization, was assessed.
The first component of this work was to evaluate the sus-
ceptibility of the pretreated biomass to hydrolysis by cel-
lulolytic enzymes, and this reactivity was related to both
structural and compositional changes to plant cell wall as
a consequence of pretreatment. The second component
was to determine comprehensive mass balances on the
pretreatments. This included assessing the solubilization,
depolymerization, and conversion of cell wall biopoly-
mers. An important feature of the pretreatments in this
study was that all three are capable of yielding lignin-
enriched process streams, with preliminary evidence
demonstrating that these lignins may exhibit properties
amenable to further valorization. As the final component
of this work, we characterized the yields, structural prop-
erties, and susceptibility of the pretreatment-soluble and
insoluble lignin fractions generated by these pretreat-
ments for depolymerization to aromatic monomers.

Results and discussion

Compositional changes and mass solubilization

One of the primary outcomes of chemical pretreatments
is the solubilization, redistribution, chemical modifica-
tion and/or reordering of the biopolymers within plant
cell walls, the extent of which depends on the pretreat-
ment chemistry and conditions [43]. These changes
result in differences in cell wall bulk composition as
well as differences in other properties including cell wall
polysaccharide accessibility to cellulolytic enzymes. The
three pretreatments compared in this work were alkaline
pre-extraction followed by Cu-catalyzed oxidative delig-
nification (two-stage Cu-AHP), an acidic organosolv pre-
treatment using THF (CELF pretreatment), and an ionic
liquid pretreatment ([Ch][Lys]). The pretreatment condi-
tions were not necessarily optimized for the feedstocks,
however, and preliminary screening suggested that a
more “severe” pretreatment on the eucalyptus would
improve hydrolysis yields. Consequently, for eucalyptus,
a higher temperature was used during the 1st stage (i.e.,
the alkaline pre-extraction) of Cu-AHP pretreatment
(150 °C vs. 120 °C), while a longer time was used for the
CELF pretreatment (25 vs. 15 min) to improve the del-
ignification and hydrolysis yields [28, 44]. All pretreat-
ments resulted in significant changes in bulk composition
of the biomass (Additional file 1: Table S1). The changes
are due to solubilization and removal of lignin and xylan,
and significant differences in the extent of lignin and
xylan removal are apparent for the three pretreatments
(Fig. 1). It can be observed that all three pretreatments
removed a significant amount of the xylan and lignin
with the general trends of CELF>[Ch][Lys]>Cu-AHP
for the xylan for both feedstocks, while the trend for
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Fig. 1 Solubilization of a lignin and b xylan during each of the pretreatments as determined by a combination of composition analysis and
mass yield following pretreatment. For Cu-AHP, the solid color represents the first stage of the pretreatment (alkaline pre-extraction), while the
semitransparent color represents the second stage (alkaline oxidative Cu-AHP delignification) with all values on a per mass original biomass basis

lignin can be observed to be CELF > Cu-AHP > [Ch][Lys].
Lignin and xylan removal during alkaline pretreatments
at low temperature can be considered to be primarily a
consequence of solubility effects rather than significant
covalent modification [45], while xylan removal during
the acidic THF pretreatment may be attributed to both
solvation of polymeric xylan and its subsequent depo-
lymerization to shorter oligomers and monomers [46].

Enzymatic hydrolysis yields

Enzymatic hydrolysis yields for glucose (Fig. 2) and
xylose (Additional file 1: Figure S1) were determined as
a function of enzyme loading. It should be noted that
hydrolysis yields are calculated based on original glucan
or xylan in the biomass; so, any structural polysaccha-
rides lost during pretreatment contribute to decreased
yields for enzymatic hydrolysis. The results for glucose
hydrolysis yields demonstrate significant differences
between pretreatments as a function of enzyme load-
ing (Fig. 2). Several key observations can be made from
these results. One obvious trend is that, as expected, the
hydrolysis yields increase with increasing enzyme loading
for all pretreatments and that the glucose yields at 72 h
for both feedstocks appear to approach their asymptotic
maximum values for the Cu-AHP- and CELF-pretreated
biomass. For hybrid poplar, glucose yields exceeding
80% of theoretical were observed for all three pretreat-
ments (Fig. 2b) at the highest enzyme loading (30 mg/g)
and longest incubation time (72 h). For both feedstocks,
the [Ch][Lys]-pretreated biomass consistently exhibited
lower hydrolysis yields. One expected reason for this is
the inhibitory effect of pretreatment-derived compounds
on the enzymatic hydrolysis. Specifically, it should be

considered that CELF, being primarily a fractionat-
ing treatment, removes the biomass of pretreatment-
derived solubles and solvents during the isolation of the
solids for enzymatic hydrolysis. The implications of this
are that the only factors limiting hydrolysis yields in the
CELF-pretreated biomass are intrinsically derived from
cell wall structural contributions such as polysaccharide
accessibility and cell wall porosity (i.e., biomass recalci-
trance) rather than pretreatment-derived solubles. The
[Ch][Lys]-pretreated biomass, on the other hand, had
substantially more pretreatment-derived solubles pre-
sent during enzymatic hydrolysis, and these solubles
are a likely contributor to the lower observed hydrolysis
yields [47]. The Cu-AHP-pretreated biomass only con-
tained solubles derived from the degradation of plant
cell wall biopolymers and extractives solubilized during
the second pretreatment stage, which are anticipated to
contribute only minimally to the inhibition of enzymatic
hydrolysis.

With respect to the values for the hydrolysis yields, the
pretreated hybrid poplar is slightly less recalcitrant than
the eucalyptus when comparing hydrolysis yields for the
Cu-AHP and [Ch][Lys] pretreatments. For the Cu-AHP,
this is manifested as slightly lower yields for the eucalyp-
tus at low enzyme loadings and shorter hydrolysis times,
although the maximum glucose yields (~ 80%) are compa-
rable at the highest enzyme loadings (30 mg/g) and incu-
bation times (72 h). A likely contributor to this higher
recalcitrance in the eucalyptus is the higher lignin con-
tent (30% by mass) relative to the poplar (24% by mass) as
well as potentially the higher extractives content, which
are known to inhibit cellulase activity [48] and decrease
the efficacy of pretreatment and enzymatic hydrolysis
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Fig. 2 Enzymatic hydrolysis glucose yields for pretreated solids of hybrid poplar (a and b) and eucalyptus (c and d) prepared by Cu-AHP, CELF, and
[Ch][Lys] pretreatments as a function of enzyme loading (mg protein/g glucan in pretreated solids) and hydrolysis time. Enzymatic hydrolysis was
performed at a 10% (wt/vol) solids loading with the pH buffered at 5.0 for 24 or 72 h

[49]. When similar conditions are compared for the [Ch]
[Lys] pretreatment, the poplar gives higher yields for
most conditions, presumably due to a combination of
the lower intrinsic recalcitrance of the biomass as well as
the (unquantified) pretreatment-solubilized inhibitors of
hydrolysis. For the case of the CELF pretreatment, excep-
tionally high glucose yields could be obtained for the
eucalyptus (i.e., >95%), although it should be considered
that slightly more severe pretreatment conditions were
employed for the eucalyptus (25 min at 160 °C) versus the
poplar (15 min at 160 °C). When comparing the xylose
hydrolysis yields (Additional file 1: Figure S1), it can be
observed that for all pretreatments, the xylose yields
were low with maximum values ranging from 8% (CELF)
to 51% (Cu-AHP) for the poplar and 8% (CELF) to 32%
(Cu-AHP) for the eucalyptus. The reason for these low
yields is that a significant fraction of the xylan was solubi-
lized during the pretreatment step and was not available

for enzymatic conversion. This solubilization does not
necessarily represent a loss, however, as pretreatment
streams rich in solubilized xylan, xylose, and degradation
products could theoretically be utilized elsewhere in the
process.

Cell wall properties contributing to biomass recalcitrance
and graphical mass balances

All three pretreatments studied in this work are deligni-
fying pretreatments and resulted in significant changes in
cell wall composition as demonstrated in Fig. 1. As cell
wall lignin content is one of the primary contributors to
cell wall recalcitrance, plotting lignin removal versus glu-
cose hydrolysis yields can provide insight into how much
of a role lignin removal may play in determining hydroly-
sis yields. As shown in Fig. 3, plotting hydrolysis yields
versus lignin removal for both feedstocks at low-yield
conditions (5 mg/g enzyme loading, 24-h hydrolysis)
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Fig. 3 Correlating enzymatic hydrolysis glucose yields with lignin
removal. Solid data points represent 72-h hydrolysis yields at an
enzyme loading of 30 mg/g glucan, while semi-transparent data
points represent 24-h hydrolysis yields at an enzyme loading of
5mg/g glucan

results in positive linear correlations. Notably, a strong,
positive linear correlation (R*=0.773; p value=0.021)
can be observed for the low enzyme loading, demonstrat-
ing that lignin removal is a strong predictor of hydrolysis
yields. The only outlier is the high-yield condition for the
[Ch][Lys]-pretreated eucalyptus. It can be speculated that
the lower than expected yield for this condition may be
due to the contribution of pretreatment-derived solubles
(e.g., the ionic liquid itself, soluble lignin and/or xylan, or
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extractives). These types of correlations between lignin
removal and hydrolysis yields are not unexpected, and
have been demonstrated previously for a wide range of
feedstocks and pretreatment chemistries, including flow-
through dilute acid pretreatment of corn stover [50],
two-stage Cu-AHP pretreatment of hybrid poplar [41],
alkaline and alkaline—oxidative delignification of hard-
woods and softwoods [51], and alkaline hydrogen per-
oxide delignification of corn stover and switchgrass [52],
among others.

Sankey diagrams can be employed as a tool to visual-
ize the flow of mass and energy through conversion pro-
cesses [53], and in this work, the compositional analysis
results are integrated with mass yields and hydrolysis
yields to compare mass component flows for the three
processes (Fig. 4). The results were calculated using enzy-
matic hydrolysis yields experimentally determined for
72-h hydrolysis at 30 mg/g glucan enzyme loading. Key
observations from these plots were that the vast major-
ity of the lignin and xylan during the CELF pretreatment
partition into the solvent phase and are removed during
pretreatment (also clear from Fig. 1) and may be available
in subsequent conversion or utilization steps. Another
key result is that the majority of the pretreatment-solu-
bilized lignin and xylan in the [Ch][Lys] pretreatments
continue through the enzymatic hydrolysis step and ulti-
mately ends up in the hydrolysate.

Impact of pretreatment on recovered lignin properties
All three pretreatments function, at least partially, as
delignifying pretreatments and offer the opportunity to
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fractionate the biomass to yield a lignin stream that may
be amenable to valorization. As discussed previously,
the lignin structural features/properties (e.g., functional
groups, molar mass distributions, solubilities, monomer
composition, interunit linkages, etc.) are key determi-
nants in their suitability for a target application. Addi-
tionally, these properties are a complex function of the
lignin’s biological origin and its processing history. As
examples, for utilization of lignin as a phenol replace-
ment in phenol-formaldehyde resin applications, a high
content of unsubstituted aromatic sites in a terminal phe-
nolic group is necessary for the lignin to be incorporated
into the polymer [54]. For use as a polyol in polyurethane
applications, a high content of accessible hydroxyl groups
is a key property that sets the value of lignin and can
result in increased incorporation into polymer products
[55], with aliphatic hydroxyl groups exhibiting preferen-
tial reaction with isocyanates than aromatic hydroxyls.
As a third example, lignin solubility in organic nonpo-
lar solvents and its contribution to increased viscosity
in reaction solvents are important properties for certain
polymer applications that include polyurethanes and
thermoset resins [56, 57].

Lignin depolymerization to aromatic monomers or low
molecular weight oligomers is one route to convert lignin
into valuable and renewable intermediate chemicals
to improve the economics of biofuels [58]. These depo-
lymerization approaches typically target ether linkages,
primarily the p-O-4 bond that, when cleaved, produce
excised fragments that can then be more easily solu-
bilized by the solvents employed during pretreatment.
For efficient depolymerization of lignin to aromatic
monomers, necessary features include a high fraction of
the monomers linked by ether bonds such as the 3-O-4
bond as well as minimal pretreatment-induced repolym-
erization [59]. Notably, it has been demonstrated that
acid-catalyzed lignin depolymerization occurs under
conditions that may be encountered during acidic pre-
treatments, and, at high severity conditions, are known
to drive certain lignin repolymerization either by con-
densation reactions through reactive carbocations at
the a position [59] or through reactive aldehydes at the
B position of the lignin side chains [60]. For CELF pre-
treatment, THF—water is an excellent “theta” solvent for
lignin that, when combined with dilute acid, achieves
high lignin depolymerization and solubilization at lower
severity conditions than water-only pretreatments [61].
To ensure that lignin fragmentation is dominant over
condensation, CELF pretreatment is maintained at or
below 160 °C to solubilize lignin, while avoiding the
production of undesired lignin condensation products
known to form at higher severities [29, 62, 63].
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In this work, lignins (or lignin-rich precipitates) recov-
ered from the liquid phase for the three pretreatment
strategies were subjected to several characterization
approaches, and the susceptibility of these lignins to
depolymerization by thioacidolysis was assessed. These
characterization approaches include structural polysac-
charide content of the recovered lignin-rich precipitates
(Fig. 5a), determination of molar mass distributions by
SEC (Fig. 6a), -O-4 content as determined by quanti-
tative 3C NMR (Fig. 6b), and non-quantitative relative
abundance of interunit lignin linkages as assessed by
HSQC NMR (Fig. 6¢). For the cell wall-derived struc-
tural polysaccharides co-precipitating with the lignin
(Fig. 5a), it can be observed that both the polysaccha-
ride abundance and distribution vary depending on the
feedstock and pretreatment. Specifically, xylan is the
most abundant polysaccharide and comprises from 52%
of the polysaccharide content (Cu-AHP pre-extraction
for eucalyptus) to more than 90% (CELF for both feed-
stocks and Cu-AHP pre-extraction for poplar). For the
recovered polysaccharide abundance, the clear trend for
both feedstocks is [Ch][Lys]> 1st-stage Cu-AHP >2nd-
stage Cu-AHP >CELF. The low polysaccharide content
of the CELF lignins (1.0% and 0.4% by mass for poplar
and eucalyptus, respectively) is hypothesized to be due
to two contributing factors. The first is that the CELF
pretreatment is performed under acidic conditions such
that the majority of the solubilized xylan is hydrolyzed
to xylose [28, 32], thereby resulting in minimal soluble
xylan oligomers that are available to co-precipitate with
the lignin. The second factor is that lignin precipitation
by water dilution or by boiling off the THF also results
in partitioning of the sugar monomers and low-MW
oligomers into the aqueous phase rather than precipi-
tation with the lignin [62]. At the other extreme, [Ch]
[Lys] contains from 10.3% (poplar) to 15.3% (eucalyptus)
polysaccharides in the recovered lignins. However, for all
pretreatments, when the hemicellulose solubilized dur-
ing the pretreatment process is compared to the hemi-
cellulose recovered in the precipitate (Fig. 5b), it can be
observed that the relative abundance of the hemicellulose
is significantly lower in the recovered precipitates than
what is solubilized. For the CELF and [Ch][Lys] cases,
this may be attributed to the partial or complete conver-
sion of the solubilized hemicelluloses into other water-
soluble products. For all three cases, another explanation
for the discrepancy is that a fraction of the hemicellu-
loses is generally less amenable to precipitation under the
conditions used relative to the pretreatment-solubilized
lignins. For example, solubilized xylan may comprise
multiple populations of polymers exhibiting differences
in molar mass and degree of substitution that has in the
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past been linked to both its solubility [64] and its degree
of association with cellulose [65].

Recovered biopolymers fractionated during the pre-
treatments were next assessed for molar mass distribu-
tions by SEC (Fig. 6a, see Additional file 1: Figure S2 for
the elution profiles). From these results, significant dif-
ferences in the apparent molar masses of the recovered
biopolymers can be observed. Importantly, it is well
established that while trends or qualitative differences
between lignin samples may be observed, quantitative

values for SEC/GPC-determined molar masses of lignins
suffer from a lack of exactness when results are com-
pared between methods due, at least in part, to lignin’s
tendency for self-aggregation [66]. This data set includes
characterization of a relatively “native” reference lignin
(CEL lignin) that was recovered by a combination of
ball milling, cellulose decrystallization, and enzymatic
hydrolysis. From these results, it can be observed that the
“native” lignin, the Cu-AHP (2nd-stage) lignin, and the
[Ch][Lys] lignin exhibited the highest number average
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(My) and weight average (Myy) molar masses, while the
1st-stage Cu-AHP (pre-extraction) and CELF pretreat-
ments yielded recovered biopolymers with significantly
lower values for these properties (Fig. 6a). For the lignins
recovered from the CELF pretreatments, the molar
masses are consistently low for both feedstocks (My of
7.5 and 5.2 kDa for eucalyptus and poplar, respectively).
This is likely due to fragmentation during CELF pretreat-
ment that may result in more acid-catalyzed cleavage of
B-O-4 bonds with potentially low levels of condensation
as reported in prior work [62]. The molar masses of the
lignins recovered from the [Ch][Lys] pretreatments were
consistently high (My=13.2 and 18.1 kDa for eucalyptus
and poplar, respectively). One potential reason for these
higher observed molar masses may be due to the higher
content of contaminating polysaccharides (10.3-15.5%
by mass from Fig. 5a) that may skew the results towards
higher molar masses. Using a range of characterization
approaches, native hardwood glucuronoxylans have been
estimated to have degrees of polymerization in the range
of 150-200 monomer units (corresponding to~22.5—
30 kDa) [67, 68]. Thus, the differences in the SEC results
for the [Ch][Lys] lignin cannot unambiguously be
ascribed to differences in the lignin properties alone.
Next, the B-O-4 content of the recovered lignin-rich
samples is determined by quantitative *3C NMR (Fig. 6b)
and the relative abundance of intra-unit linkages is deter-
mined using semi-quantitative HSQC NMR (Fig. 6¢, see
Additional file 1: Figure S4 for complete NMR results
and peak assignment and quantification). These results
show that both the absolute $-O-4 content (Fig. 6b) and
the relative $-O-4 content (Fig. 6¢) exhibit nearly identi-
cal trends between pretreatments for both characteriza-
tion methods. Of the three bond types characterized, the
relative abundances of the B-O-4 in the “native” lignin
are the highest (Fig. 6¢), while the relative abundance of
the other two types of linkages increases following pre-
treatment. Notably, it is understood that a p—f linkage
is generated during initial monolignol coupling reac-
tions during lignin biosynthesis [69], and as these are
not formed during the pretreatment, an increase in the
relative abundance of a f—f linkage would indicate a
decrease in the B-O-4 abundance. The Cu-AHP pre-
extraction lignin from eucalyptus exhibits much lower
B-O-4 content relative to the 2nd-stage eucalyptus Cu-
AHP lignin (Fig. 6b) or either of the poplar lignins from
the Cu-AHP process. A substantially higher temperature
was utilized for the eucalyptus pre-extraction (150 °C)
relative to the temperature used for the poplar (120 °C)
due to the higher recalcitrance of the eucalyptus. Our
hypothesis is that this increase in temperature not only
solubilized more lignin from the eucalyptus during the
1st-stage Cu-AHP (Fig. 1), but also it presumably resulted
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in more cleavage of B-O-4 bonds in the pretreatment-
solubilized lignin. This agrees with the results for molar
mass (Fig. 6a) which show that the eucalyptus Cu-AHP
pre-extraction exhibits one of the lowest number average
molar masses.

Lignin depolymerization and correlation of lignin
properties with aromatic monomer yields

The fractionated lignins were next subjected to thioacid-
olysis as a characteristic depolymerization targeting the
B-O-4 bond within the lignin polymer. From this analysis,
both monomer yields and the syringyl to guaiacyl (S/G)
ratios were determined. First, the S/G ratios determined
by thioacidolysis were compared to those obtained by
HSQC NMR with the results plotted in Additional file 1:
Figure S5. While exhibiting a different range of absolute
numbers, the correlation between the two approaches
yields an R? value of 0.88 with a p value of 0.0028. While
the S/G ratios are determined on a mol/mol basis, the
results for depolymerization (Fig. 7a) are determined on
a “per mass lignin” basis, where the lignin in the denomi-
nator is the non-polysaccharide content of the recovered
biopolymer sample. The mass of a “monomer” in the
numerator is corrected as the expected mass of a unit
within lignin (syringyl monomer: 226 g/mol; guaiacyl
monomer: 196 g/mol), so that these yields can be sub-
sequently correlated with predicted yields. The native
lignin is intended to demonstrate the approximate upper
limit for monomer yields as these are expected to retain
the majority of the B-O-4 bonds while not exhibiting any
repolymerization that may occur in the process-modified
lignins. From these results, clear differences between
feedstocks and pretreatments can be observed, with the
“native” lignin and the Cu-AHP (2"-stage) lignin for both
feedstocks and the Cu-AHP pre-extraction (1st stage) for
the poplar exhibiting the highest values for f-O-4 con-
tent with 21.8-24.7% aromatic monomer yields for euca-
lyptus and 33.7-41.2% for the poplar (Fig. 7). The other
pretreatment—feedstock combinations resulted in much
lower monomer yields with 6.4—11.9% for eucalyptus and
9.1-11.8% for poplar. The lower yield from the Cu-AHP
pre-extraction of eucalyptus is hypothesized to be due to
the higher temperatures used during the pre-extraction
relative to the poplar, consistent with the p-O-4 content
results. For the ionic liquid and CELF pretreatments, the
monomer yields are also comparably low for both feed-
stocks (9.0-11.8%), indicating significant cleavage of
B-O-4 during the pretreatment and/or potential repolym-
erization during the pretreatment.

A second-order functionality between p-O-4 content
and aromatic monomer yield from lignins have been
proposed in the past [70, 71]. Our previous work with
fractionated lignins derived from the soda pulping of



Bhalla et al. Biotechnol Biofuels (2019) 12:213

Page 10 of 15

0.45

a @ Guaiacyl

3

[ 04 @ Syringyl

> 035

@

£T 03

o'c

e £o025

s 2 o

z 3.

g < 0.15

£ 0.1

[]

£

g 005 l I

0

C o a u C o QW o=
—-— T - > — T P >
§838B3Z §E3IBZ
T o 3 = T o 3 =
Za? & ®ma©? ©C
Eucalyptus Poplar

refers to the cellulolytic lignin used as a control as “native” lignin

Aromatic Monomer Yield (g/g)

Fig. 7 Results for a phenolic monomer yields from quantitative thioacidolysis and b correlation between aromatic monomer yield by quantitative
thioacidolysis and 3-O-4 content of the pretreatment-solubilized and recovered lignin as determined by "*C NMR.“Pre-Extr refers to the alkaline
pre-extraction step or the first stage of the Cu-AHP process, while “Cu-AHP" refers to the second step of the alkaline oxidative Cu-AHP stage.“CEL"

0.45 @ Hybrid Poplar X

0.4 B Eucalyptus //:'/’Cu-AHP
03s |77 Predicted, n=10 ,’:'/

o R . _ ’ 7

Predicted, n=16 ,7/Cu-AHP

0.3 Predicted, n=00 ,«/'/ Pre-extraction
0.25 o

0.2 Cu—AHf”,/-
0.15 [Ch][Lys), CELF

Cu-AHP L#'E ¢ [Ch][Lys]

01 " pre-extraction-~” - @

0.05 = CELF
0 =25
0 20 40 60 80
B-O-4 Content per 100 Ar

hybrid poplar demonstrated that the -O-4 content as
determined quantitatively by 1>*C NMR as well as GPC-
determined molar masses exhibited strong positive cor-
relations with the monomer yields obtained following
thioacidolysis [71]. As thioacidolysis targets aryl ether
bonds within lignin, this correlation between B-O-4
content and monomer yields should be expected. Fur-
thermore, we developed and validated a methodology to
predict the maximum theoretical monomer yield based
on the probability that a monomer contains two adja-
cent B-aryl ether bonds or that a monomer at an end of
a lignin polymer contains a p-aryl ether bond [56]. This
relationship is described by:

(n—2) - (B-O-4 Content)?

n
n 2 - [B-O-4 Content] ’ )

n

Monomer Yield =

where 7 is the number of aromatic monomers in a typi-
cal lignin polymer, B-O-4 Content is the B-O-4 content
as a fraction of total linkages, and Monomer Yield is the
moles of monomer per mole of monomers within the
polymer. This approach assumes linear polymers with no
crosslinking and the predictive power may be expected
to break down for highly process-modified lignins. The
results of this model prediction using values of »n rang-
ing from 10 to oo are presented in Fig. 7b alongside the
experimental results. While SEC results might suggest
degrees of lignin polymerization in the range of 30-50,
these values are probably inflated due the quantification
method, and actual values are likely to be one half to one
quarter of these values [72, 73]. Comparing the model

prediction with the experimental monomer yields indi-
cates that this model provides relatively good prediction
of monomer yields (Fig. 7b), exhibiting an R* value for
predicted versus measured of 0.92 for all values of n rang-
ing from 10 to co. Overall, this provides additional vali-
dation of this model while suggesting that pretreatment
approaches that preserve p-O-4 content (or alternatively
integrate lignin depolymerization with pretreatment) are
a favored approach if aromatic monomer production is
targeted.

Conclusions

Three diverse pretreatments capable of biomass frac-
tionation were the subject of parallel comparisons on a
hybrid poplar and eucalyptus for their impact on cell
wall polymer solubilization, enzymatic hydrolysis yields,
and lignin properties. It was demonstrated that all three
pretreatments were capable of solubilizing a significant
fraction of the lignin and xylan and that all pretreatments
were capable of achieving high (~80%) hydrolysis yields
for the hybrid poplar. The eucalyptus was more recalci-
trant and resulted in lower hydrolysis yields, with sub-
stantially lower yields for the [Ch][Lys] pretreatment,
presumably due to the higher lignin content of the euca-
lyptus and the fact that a substantial fraction of the pre-
treatment-derived inhibitors in [Ch][Lys] pretreatment is
carried forward into the enzymatic hydrolysis stage. The
removal of lignin during pretreatment was shown to be
a strong predictor of enzymatic hydrolysis yields for low
enzyme loadings for both feedstocks for all three pre-
treatments. The recovered lignins from the pretreatment
liquors in each of the pretreatments were characterized
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and exhibited substantial differences in properties.
Namely, the lignins recovered from the [Ch][Lys] pre-
treatment had a high polysaccharide content (10-15%),
while the CELF lignins did not, presumably due to sub-
stantial hydrolysis of the solubilized xylan. The lignins
exhibited significant differences between samples in both
the >*C NMR-determined B-O-4 content and aromatic
monomer yields when subjected to depolymerization
by thioacidolysis. The aromatic monomer yields dem-
onstrated second-order functionality with respect to the
[B-O-4 content, suggesting the use of feedstocks with high
B-O-4 content lignins and pretreatments that preserve
these linkages be used if subsequent lignin depolymeriza-
tion is a goal.

Methods

Biomass

The hybrid poplar, Populus nigra L. var. charkovien-
sis x caudina cv. NE-19, was obtained from 18-year-old
trees grown at the University of Wisconsin Arlington
Agricultural Experiment Station (Arlington, WI) and
harvested in 2011 and is identical to the feedstock used
in our prior work [39, 41]. Hybrid poplar logs were ini-
tially debarked and chipped prior to subsequent milling.
The eucalyptus (Eucalyptus cinerea) is identical to the
feedstock used in prior work by the authors [74] and was
originally provided by Idaho National Laboratory. Both
biomass feedstocks were subjected to particle size reduc-
tion using a Christy-Turner lab mill (Christy-Turner LTD,
Ipswich, Suffolk, UK) to pass a 2-mm screen and air-
dried to ~ 5% moisture.

Biomass composition analysis

Prior to and following pretreatment, biomass composi-
tions were determined according to NREL/TP 510-42618
[75] with structural carbohydrates and acetate deter-
mined by HPLC (Agilent 1200 Series) using an Aminex
HPX-87H column (Bio-Rad, Hercules, CA, USA). The
chromatography was performed at 65 °C with a mobile
phase of 5.0-mM aqueous H,SO, at a flowrate of 0.6 mL/
min and detection by refractive index. Mass balances
were accomplished using a combination of composition
prior to and following pretreatment stages and mass loss
during pretreatment. Composition following enzymatic
hydrolysis was estimated based on glucose and xylose
solubilized, while mass lignin and xylan solubilized dur-
ing each stage was estimated by difference. Mass flows
determined from these mass balances were plotted in
Sankey diagrams utilizing the e!Sankey software (ifu
Hamburg GmbH, Hamburg, Germany).
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Cu-AHP pretreatment

Alkaline pre-extraction of hybrid poplar and eucalyptus
biomass was carried out at 10% solids loading (w/w). Five
g (dry basis) of hybrid poplar or eucalyptus was incu-
bated with 200-mg NaOH/g biomass for 1 h in a 100-mL
volume capacity Parr 4560 Mini Benchtop reactor with
electric heating (Parr Instrument Company, Moline, IL).
The reaction conditions for hybrid poplar were 120 °C for
60 min (including 15-min heat-up and 10-min cool-down
time) and for eucalyptus, these were 150 °C for 60 min
(including 22-min heat-up and 10-min cool-down time).
After 1 h of incubation, the remaining insoluble biomass
was thoroughly washed with deionized water, air-dried,
and subjected to 23 h of Cu-AHP pretreatment. Cu-AHP
pretreatment was performed at room temperature at 20%
solids loading (w/w) in a flask. Biomass (10 g, dry basis)
was incubated with 100-mg NaOH/g biomass, 1-mM
copper (as CuSO,), and 2-mM bipyridine. Hydrogen per-
oxide (30% v/v stock solution) was added to the reaction
mixture in batches over a 10-h period to a final loading of
100 mg H,0,/g biomass as described in our prior work
[41]. Following the final addition of H,O,, the mixture
was incubated for an additional 13 h (24 h total reaction
time). To recover the Cu-AHP lignins, following alkaline
pre-extraction or Cu-AHP pretreatment, the liquid phase
was separated from the solid phase via filtration and the
filtrate was acidified to pH 2.0 with 72% (w/w) sulfuric
acid. The precipitate was recovered by filtration, washed
with aqueous sulfuric acid (pH 2.0), and finally washed
by resuspending in deionized water. The suspension was
centrifuged and the liquid phase was decanted and the
precipitate was collected and lyophilized for subsequent
analysis.

CELF pretreatment

CELF pretreatment was performed in a Parr reac-
tor heated by a 4-kW fluidized sand bath, as described
in previous studies [28, 30]. Pretreated eucalyptus and
poplar biomass were prepared at the following reaction
conditions: 160 °C, 1:1 THF:water (v/v), and 0.5 wt%
sulfuric acid loading based on the total liquid mass. The
eucalyptus biomass was treated for 25 min at 12.5% solids
whereas poplar was treated for 15 min at 15% solids load-
ing. The remaining solids after completion of the treat-
ment were thoroughly washed with the distilled water.
The CELF lignin samples were recovered by precipita-
tion from the pretreatment liquors by dilution with water
at 4:1 ratio of water:liquor by volume. The precipitated
lignin was then vacuum filtered through a paper filter
and washed once with diethyl ether and three times with
water. The resulting powder was collected after drying at
45 °C for 2 days.
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[Ch][Lys] pretreatment

The ionic liquid [Ch][Lys] was synthesized as reported
previously [34]. The pretreatment was performed using
0.5 g (dry basis) biomass that contained 11.1% moisture
for the eucalyptus and 6.1% for the poplar. This biomass
was incubated with 0.5 g of [Ch][Lys] at 100 °C for 5 h
as described in the prior work [76]. After completion of
the incubation, 4.0-g water was added and the pH was
adjusted to 5.0 using HCI and, following centrifugation,
2.0 g of liquid phase was removed from the supernatant.
Recovery of lignin from the [Ch][Lys] pretreatment liq-
uor for characterization was performed as in prior work
[77]. Briefly, the slurry following pretreatment was sub-
jected to 3 cycles of water washing and solid/liquid
separation by centrifugation (4000xg). The supernatant
(pH>10) was combined from the washes and further fil-
tered using a 0.45 pm membrane. The pH of the liquid
fraction was then adjusted to ~2 with 6 N HCl to pre-
cipitate the lignin. Next, the precipitated lignin was sepa-
rated by centrifugation and lyophilized.

Enzymatic hydrolysis

The pretreated biomass mixture from each of the three
pretreatments was appropriately diluted to obtain 10%
solids loading (wt to liquid wt) for enzymatic hydrolysis.
The ionic liquid pretreatment slurry still contained 8%
(wt to water wt) [Ch][Lys] in addition to pretreatment-
solubilized organics, while the Cu-AHP solids contained
all the pretreatment-solubilized organics as well all the
pretreatment-derived Na® from the second stage of
pretreatment. The slurry was slowly titrated with 72%
(w/w) H,SO, to adjust the pH to 5.0 prior to the addi-
tion of 1 M citric acid buffer (pH 5.0) at a final concen-
tration of 50 mM. An enzyme cocktail consisting of a
1:1 ratio of Cellic CTec3 and HTec3 (Novozymes A/S,
Bagsveerd, DK) on a protein basis (protein content pro-
vided by the manufacturer) at loadings of 5, 10, 20, and
30 mg protein/g glucan in the pretreated solids was
added to the hydrolysis reaction. The total aqueous vol-
ume of the reaction was then adjusted by the addition
of deionized water to achieve the target solids loading.
The flasks containing biomass slurry and enzymes were
incubated at 50 °C on an orbital shaker at 210 rpm with
samples taken for sugar analysis at 24 and 72 h. Following
enzymatic hydrolysis, the amount of glucose and xylose
released in the supernatant was quantified by high-
performance liquid chromatography (HPLC; Agilent
1260 Series equipped with a refractive index detector)
using an Aminex HPX-87H column operating at 65 °C, a
mobile phase of 5.0-mM aqueous H,SO,, and a flow rate
of 0.6 mL/min. It should be noted that this column does
not resolve galactose, mannose, and xylose, and quanti-
fied xylose, therefore, includes any released mannose and
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galactose. Standard curves using glucose and xylose were
prepared to calculate the sugar concentrations in the
samples. The sugar yields (glucose and xylose) were cal-
culated by dividing the amount of released sugar by the
total sugar content of the biomass (as monomer) prior to
pretreatment as described in our prior work [17], with
the final yields corrected to a “per original glucan” basis
which was calculated from a combination of mass loss
during pretreatment and change in composition when
these data are available.

Generation of “native” celluloytic lignins

A “native” cellulolytic lignin from both the hybrid pop-
lar and eucalyptus was extracted to use as a benchmark
for comparison. This lignin was extracted from biomass
according to the procedure of Gu et al. [78]. Briefly, the
biomass was ball-milled in a TissueLyser II (Qiagen,
Hilden, Germany) for a total of 4 h with cooling by liq-
uid N, between milling stages at 15-min intervals. The
ball-milled sample was dissolved in 8% LiCl/DMSO at a
concentration of 5% by weight, and then stirred at 25 °C
for 48 h followed by stirring at 50 °C for 24 h. The bio-
mass was precipitated by dropwise addition of the sam-
ple into water, and the precipitate was repeatedly washed
with water. This reconstituted biomass sample was then
lyophilized before undergoing enzymatic hydrolysis for
72 h with 20 mg protein per g biomass using CTec2 and
HTec2 (Novozymes A/S, Bagsveerd, DK) at a 2:1 ratio
(protein basis) at 50 °C and pH 5.25 using 0.05 M Na-cit-
rate buffer. Finally, the hydrolyzed solids were separated
from the liquid by vacuum filtration and were washed
with excess water and lyophilized again.

Lignin characterization

Quantitative thioacidolysis was performed as described
in our previous work [79]. In brief, 2 mg of dried and iso-
lated lignin samples were weighed into glass vials in trip-
licate 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). Monomer
standards were obtained from the laboratory of Dr. John
Ralph (University of Wisconsin, Madison).

The neutral polysaccharide content of the recovered
lignins was quantified by GC-MS as the monosaccharide
alditol acetates following polysaccharide hydrolysis cata-
lyzed by trifluoroacetic acid as outlined by Foster et al.
[80].

Size-exclusion chromatography (SEC) was performed
as described in our prior work [41] using an Agilent 1260
series HPLC equipped with a Waters Ultrahydrogel ™ 250
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(Milford, MA, USA) column and employing a mobile
phase of 80:20 (v/v) mixture of 0.1 M NaNO;:5.0 mM
NaOH/CH;CN at a flow rate of 0.6 mL/min at 45 °C and
detection by refractive index. Monodisperse polyethylene
glycol (PEG) standards were utilized to estimate molar
masses, and both number average (My) and weight
average (Myy) molar mass were determined numerically
using the “direct standard calibration” method outlined
in the literature [81].

For 3C NMR, a sample of lignin (120 mg) was dis-
solved in 600-uL DMSO-d,. A small amount (2 mg) of
the relaxation reagent chromium(III) acetylacetonate was
added to the sample. Sonication was used to facilitate
dissolution. 3C NMR spectra were acquired on a 500-
MHz NMR spectrometer (Varian Inova) equipped with
a double-resonance broadband probe as outlined in our
prior work [71]. Proton decoupling was applied only dur-
ing acquisition period, i.e., decoupling-NOE. 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 previous literature [82, 83]. For HSQC
NMR, the lignin samples were ball-milled and approxi-
mately 30 mg were placed in NMR tubes with 600 pL
DMSO-dg. The samples were sealed and sonicated to
homogeneity in a Branson 2510 table-top cleaner (Bran-
son Ultrasonic Corporation, Danbury, CT). The tempera-
ture of the bath was closely monitored and maintained
below 55 °C. HSQC spectra were acquired at 25 °C
using a Bruker Avance-600 MHz instrument equipped
with a 5-mm inverse gradient 'H/'3C cryoprobe using
the “hsqcetgpsisp2.2” pulse program (ns=200, ds=16,
number of increments=256, dl1=1.0 s). Chemi-
cal shifts were referenced to the central DMSO peak
(6c/0y 39.5/2.5 ppm). Peak assignments were made
according to the published literature [84].

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513068-019-1546-0.

Additional file 1: Table S1. Composition and mass yields of hybrid poplar
and eucalyptus prior to and following pretreatment. Cu-AHP: Cu-catalyzed
alkaline hydrogen peroxide pretreatment; [Ch][Lys]: cholinium lysinate
pretreatment; CELF: co-solvent enhanced lignocellulosic fractionation.
Table S2. Assignments of signals observed in '3C/'H 2D (HSQC) NMR
spectra of lignins. Figure S1. Enzymatic hydrolysis xylose yields for
pretreated solids of hybrid poplar (A and B) and eucalyptus (C and D)
prepared by Cu-AHP, CELF, and [Ch][Lys] pretreatments as a function of
enzyme loading (mg protein/g glucan in pretreated solids) and hydrolysis
time. Hydrolysis was performed at a 10% (wt/vol) solids loading with the
pH buffered at 5.0 for 24 or 72 h. Figure S2. Size-exclusion chromatogra-
phy (SEC) elution profiles and estimated values for number average molar
mass (M), weight average molar mass (Mw), and polydispersity index
(PDI) for (A) eucalyptus and (B) hybrid poplar. SEC was performed using
aWaters Ultrahydrogel™ 250 column with a mobile phase comprising
a80:20 (v/v) solution of 0.1 M NaNO;:0.005 M NaOH/CH,CN. Figure S3.
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Summary of the fate of the (A, D) glucan, (B, E) xylan, and (C, F) lignin for
the three pretreatments for (A, B, C) hybrid poplar and (D, E, F) eucalyptus.
Hydrolysis yields are for 30 mg/g glucan enzyme loading for 72 h. Figure
S4. '3C/'H 2D (HSQC) NMR spectra of (a) native cellulolytic eucalyptus
lignin, (b) eucalyptus 1st-stage Cu-AHP lignin, (c) eucalyptus 2nd-stage
Cu-AHP lignin, (d) eucalyptus CELF lignin, (e) eucalyptus [Ch][Lys] lignin,
(f) native cellulolytic poplar lignin, (g) poplar 1st-stage Cu-AHP lignin, (h)
poplar 2nd-stage Cu-AHP lignin, (i) poplar CELF lignin, and (j) poplar [Ch]
[Lys] lignin. All NMR spectra were recorded in DMSO-dj solvent and signals
at 5=2.5 ppm for '"H NMR and & =39.50 ppm for '*C NMR were consid-
ered as reference peaks to assign the 2D (HSQC) NMR signals. Figure S5.
Comparison of S/G ratios as determined by quantitative thioacidolysis
versus (semi-quantitative) 2-D HSQC NMR.
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