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Renewable feedstocks are a critical component of sustainability and resource security efforts, and feed-
stock selection is vital for the improved biorefinery production of fuels, chemicals, and materials. A major
hurdle for feedstock selection is the inherent heterogeneity and variability among biofeedstocks. Herein,
based on knowledge convergence among tree physiological ecology, wood science, and chemical engin-
eering, we present a harvest optimization strategy to maximize lignin valorization in carbon-neutral for-
estry residues, elucidating the influence of canopy phenophase on possible valorization avenues. This
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study provides the first report on how tree part, species, and phenophase impact lignin content and
deconstruction yields and distributions. Notably, harvesting during the leafed phenophase can double or
triple phenolic yields compared to other times of year, offering a simple yet effective strategy to enhance
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lignin valorization and overall biorefinery production.

1. We demonstrate for the first time that a robust relationship between lignin content and deconstruction products exists as a function of harvest time

(specifically phenophase), tree part, and species for forestry residues. Our approach enables strategic feedstock selection and harvest optimization for biorefi-

neries producing more sustainable fuels, chemicals, and materials.

2. Our key achievement is the establishment of a feedstock selection strategy to maximize lignin valorization in forestry residues. Targeting harvest time to

the leafed (leafed-spring/summer for pine) phenophase can increase phenolic deconstruction yields up to 3x vs. leafless (leafed-winter for pine) or emergence
phenophases, and twigs/branchlets from all species and phenophases generate the highest phenolic monomer yields by 2x on a lignin basis.

3. Future efforts can investigate the connection between biofeedstock selection and biorefinery production and environmental impact, to inform harvest

optimization that maximizes both product yields and sustainability.
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1. Introduction

Fossil fuels currently underpin global energy and chemical
production but remain the leading drivers of anthropogenic
greenhouse gas emissions worldwide."> Coupled with esca-
lating resource demands, carbon reduction mandates, and
resource security needs, this reliance underscores the desire
to transition toward sustainable alternative feedstocks such
as lignocellulosic biomass.> Lignin, the primary source of
renewable aromatics, plays a critical role in this transition.®”
Yet, the compositional variability and heterogeneity between
biofeedstocks remain a critical challenge for their efficient
and profitable conversion to valuable products.® Thus, under-
standing lignin’s compositional and seasonal variations is
fundamental to optimize the generation of high-value bio-
derived products. The components of lignin, composed of
syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) units,’ vary
significantly depending on the feedstock, environmental con-
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ditions, and phenophases (stages in the annual life cycle of
plants).'**2

As of 2017, 14% of total global energy was sourced from
biomass, with ~85% of that biomass acquired from forests."
Of all the biomass sourced from forests, only 8% consists of
forest harvesting and manufacturing residues, despite the sub-
stantial quantities of these residues generated annually as by-
products of logging and milling.>'® In the United States,
timber harvesting generates nearly 19 million dry tons/y of
logging residues, which are typically used in lower-value appli-
cations (e.g., heat, power, ash), contributing to environmental
degradation and missed economic opportunities."* An
additional 23 million dry tons/y of logging residues are left in
forests (a practice that heightens wildfire risks)."* With the
lignin content of forest residues often exceeding 40 wt% of the
total biomass - surpassing that of conventional woody
biomass - forest residues represent not just an abundant
byproduct but a catalyst for advancing renewable aromatic
solutions and reducing dependence on fossil fuels.””™®
Furthermore, several technoeconomic analysis (TEA) and life
cycle assessment (LCA) studies have shown that lignin valori-
zation is key to commercial viability, improving both biorefin-
ery economics and environmental impacts.'*' Focusing on
higher-value, lignin-derived chemicals, fuels, and materials
can transform these underutilized resources into potential drivers
of innovation and sustainability in an emerging bioeconomy.

Unlocking the full potential of transforming biomass into
high-value products requires fractionation/deconstruction
strategies that can efficiently maximize the utility of the entire
biomass. One such strategy is reductive catalytic fractionation
(RCF), widely regarded as the most prominent lignin-first pro-
cessing approach for biorefineries.”>> RCF mitigates the for-
mation of the lowest-value lignin condensation products and
retains the polysaccharide (cellulose, hemicellulose) fraction
for subsequent valorization.”® RCF consistently achieves near-
theoretical phenolic monomer yields®*® and produces higher-
value components such as monolignols, dimers, and oligo-
mers. These compounds serve as essential precursors for man-
ufacturing lubricants, jet fuels, coatings, monomers/polymers,
composites, resins, and biomedical products.”?’>* Moreover,
S/G/H ratios can directly shape the properties and applications
of lignin-derived products.’”*>?** For example, polymethacry-
lates composed of S-derived monomers have an ~100 °C
higher glass transition temperature than those comprised of
G-derived monomers.*>>° Thus, high S-content polymethacry-
lates are preferable for producing high-temperature, heat- and
flow-resistant materials used in specialty membrane or
machine part applications, whereas high G-content polymetha-
crylates are better suited for thermoformable, boiling-water-
stable materials.***® Despite this drastic difference in ultimate
properties and application, the influence of phenophase,
species, and tree part on lignin content, RCF phenolic
monomer yields, and product distribution across tree species
and residues remains widely underexplored.

In this study, we optimize informed feedstock selection and
harvest scheduling for biorefineries. We reveal how tree parts,
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species, and phenophase shape lignin content and RCF-based
phenolic monomer generation from forest residues. Finally, we
discuss how leveraging these insights offers a practical strategy
to enhance monomer yields, maximize lignin valorization, and
optimize biorefinery performance.

2. Results and discussion

Tree parts (bark, foliage, and twigs/branchlets) of four
common co-occurring tree species (American beech, sweet
birch, pitch pine, and yellow poplar) common to the eastern
United States were collected in each phenophase (senescence,
leafless, emergence, and leafed for deciduous species; senes-
cence, leafed-winter (W), emergence and leafed-spring/
summer (S) for pitch pine). Note that in this study, the term
foliage is used to encompass both the leaves of deciduous
species and the needles of coniferous species. Lignin content
was measured using the Klason procedure - for discussion of
our choice of method, see below.’” RCF phenolic monomer
yields are reported both on a lignin and a biomass basis, and
the S/G ratios are those for the RCF monomeric product distri-
butions, which are not necessarily representative of the S/G
ratios in the native biomass.

2.1 Lignin characterization method

Lignin quantification for complex feedstocks remains a chal-
lenge, and no single ‘best’ method has yet emerged for the
biorefinery field capable of broadly handling all lignocellulosic
feedstocks. Short of such a method, the most important con-
sideration for lignin measurements is method consistency, as
it enables comparison to lignin measured in other studies,
even if a ‘true’ lignin value is not necessarily obtained.® The
widespread use of the Klason lignin method in biorefinery lit-
erature facilitates comparison between this study and other lit-
erature, and measuring all lignin content using the same
method throughout this study enables meaningful compara-
tive analysis.® We have chosen to use the Klason lignin
method herein for consistency and to facilitate comparison,
recognizing that the Klason lignin values reported herein may
be ~10-20 wt% higher than the ‘true’ lignin content.*®?°
Additionally, we refrain from combining twigs/branchlets,
bark, and foliage data within our analysis in recognition of the
likely difference in overestimates between residue types, and
we only comment upon the following general trends of lignin
contents between residues. For a further discussion of the use
of the Klason lignin method for complex feedstocks, see SI
section A; for a summary of the lignin characterization
methods used in other studies on lignocellulosic residues, see
Table S1. ‘True’ bark lignin quantity is still expected to be
higher than woody tissue lignin quantity.*>*" Bark generally
has the highest median lignin content in comparison to twigs/
branchlets and foliage across all species and phenophases,
aligning with previous reports.*®*' Median phenolic yields on
a lignin basis from twigs/branchlets across species were more
than double those from foliage, and bark yields generally fell

This journal is © The Royal Society of Chemistry 2025
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between the values for foliage and twigs/branchlets.'®
Limitations of the Klason lignin method for complex feed-
stocks are further discussed in SI section A.

2.2 Species influence - lignin content

Lignin content is primarily reflective of differing plant func-
tional traits between deciduous and coniferous trees. Lignin
content varies across species in all components (ppak <
0.001, Puwigs/branchiets < 0.001, Proliage = 0.012, Kruskall-Wallis
ANOVA) (Fig. 1). Pitch pine exhibits higher median lignin
content in bark and twigs/branchlets relative to deciduous
species (Fig. 1). These findings are consistent with previous
reports that softwoods typically have higher lignin content
than hardwoods.*> Deciduous trees have more complex xylem
tissues, located in the vascular system, and are composed of
vessels, tracheids, and wood fibers, whereas pitch pine pri-
marily consists of tracheids.*> The higher lignin content in
pitch pine twigs/branchlets may stem from the prevalence of
tracheids, which have thicker, more lignified walls than
deciduous trees’ vessels and fibers. Phloem tissue, adjacent
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to the xylem, is present in the twigs/branchlets of all species
and also contributes lignified cells like sclereids and fibers to
the overall lignin content. Given that twigs/branchlets have
smaller interquartile and overall ranges than bark and
foliage, phloem compositions may be less variable than
xylem compositions.*> Among deciduous species, sweet birch
exhibits the highest median lignin content for bark and
twigs/branchlets. Yellow poplar bark lignin content exceeds
that of American beech bark but is lower for twig/branchlets
content (Fig. 1). Lignin content data are shown in Tables S2
and S3.

2.3 Species influence - total phenolic yields and S/G ratios

The differences in RCF product distribution between species
also can be attributed to the anatomical structure of conifer-
ous and deciduous trees. Both total phenolic yield and S/G
ratio for each residue, species, and phenophase are shown in
Fig. 2. It is well established that softwoods are composed
almost exclusively of G units, whereas hardwoods have a mix
of S and G units.>>***> Unsurprisingly, pitch pine residues are
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Fig. 1 Box plots of lignin content (wt%) (on a dry, extractive-free basis) for (A) pitch pine, (B) yellow poplar, (C) sweet birch, and (D) American beech
forest residues for all phenophases. Twigs/branchlets are shown in gray, foliage in red, and bark in blue. Note that the leafless phenophase of decid-
uous species overlaps with the leafed (W) phenophase of pitch pine. The box indicates the interquartile range of the data spanning from the first to
the third quartile. The whiskers indicate the minimum and maximum data points, the square within the box denotes the mean, and the horizontal

line inside represents the median (50th percentile).
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Fig. 2 Total phenolic monomer yields (wt%) (on a dry, extractive-free lignin basis) and S/G ratio of twigs/branchlets, foliage, and bark for all species
across all phenophases. Senescence is shown in orange, leafless/leafed (W) in blue, emergence in green, and leafed/leafed (S) in magenta. The
circle’s center aligns with the row’s center, indicating the residue type. Circle size indicates monomer yield, with increased size indicating increased
yields. The x-axis indicates the S/G ratio for each species and residue type. Reported as mean with n = 3.

dominated by G units and therefore have a significantly lower
S/G ratio than deciduous species (p < 0.001, Kruskall Wallis
ANOVA) (Fig. 2). Among deciduous species, twigs/branchlets
generally exhibit the highest S/G, and American beech has the
highest S/G ratio for bark and foliage (Fig. 2). Sweet birch has
a higher S/G ratio in bark compared to that of yellow poplar
yet a lower ratio in foliage (Fig. 2). Phenolic monomer yields
show significant variation among species for twigs/branchlets,
bark, and foliage (p = 0.009), with pitch pine residues having
significantly lower yields than American beech (p = 0.011).
This finding aligns with previous studies that have reported
that softwoods tend to have lower monomer yields than hard-
woods, which has generally been attributed to increased C-C
linkages associated with more G units.'>*® There is a relatively
strong correlation (Pearson correlation coefficient = 0.87,
Table S6) between the total monomer yield and S unit yield;
however, as was demonstrated by Anderson et al., the S/G ratio
alone cannot predict RCF yields as additional factors, impor-
tant to lignin biosynthesis, affect the ultimate ratio of C-O/C-
C bonds in plants during lignification, such as lignin
monomer concentrations and delivery rates of monomers to
the cell wall.” Furthermore, monomer yields and S/G ratios
are also impacted by RCF parameters, such as the choice of
catalyst."" It is worth noting that although S, G, and H units
are the primary monomeric units in lignin, they are by no
means the only phenolic structures that may be present,
especially when considering terminal or grated units.*®*
Additional lignin monomeric units that may be incorporated
in lignin include p-hydroxybenzoates and ferulates as well as

Green Chem.

their derivates, although lignin biosynthesis remains an active
field of work.”®*® RCF monomer yield and distribution data
and monomer yield box plots are shown in Tables S4, S5 and
Fig. S1, respectively.

2.4 Phenophase influence - lignin content

Lignin content varies across phenophases in bark and foliage,
whereas twigs/branchlets maintain a consistent lignin quantity
throughout the year (ppark = 0.002, Pavigs/branchiets = 0218, Proi-
age = 0.020, Kruskal-Wallis ANOVA) (Fig. 3). Bark lignin content
shows the largest variability during the change of seasons
from leafed/leafed (S) to leafless/leafed (W) (or vice versa), with
the lowest amount during senescence and highest in emer-
gence (Fig. 3). Foliage exhibits the lowest lignin content in
senescence, with content increasing progressively through
emergence to the leafed/leafed (S) phase (Fig. 3). Notably,
pitch pine, the sole species with foliage in the leafless/leafed
(W) phase, displays a foliage lignin content similar to the
overall median foliage lignin content across all species and
phenophases (Fig. 3).

Phenophase-specific changes, particularly in bark and
foliage, reflect adaptive shifts in lignin content and biosyn-
thesis that influence feedstock properties throughout the
growing season. The limited variability of lignin content in
twigs/branchlets across phenophase indicates less suscepti-
bility to phenological changes. In contrast, bark lignin content
varies across phenophase, potentially reflecting shifts in phys-
iological priorities. The relatively low lignin content in bark
during senescence may reflect a shift in physiological priori-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Box plots of lignin content (wt%) (on a dry, extractive-free basis) in (A) twigs/branchlets, (B) bark, and (C) foliage of different species across
phenophases. Senescence is shown in orange, leafless/leafed (W) in blue, emergence in green, and leafed/leafed (S) in magenta. The box indicates
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have foliage in the leafless phenophase — therefore, only the pitch pine is represented in the mean for this phenophase.

ties from growth to defense and nutrient conservation, consist-
ent with patterns of nutrient resorption observed during leaf
senescence.”® Higher bark lignin content during the leafless/
leafed (W) phase than senescence may suggest increased
lignin deposition for added structural support and protection
in the absence of foliage. The similarly high bark lignin con-
tents in leafed/leafed (S) and emergence phases suggest that a
common underlying mechanism drives lignin deposition
during these phases despite their distinct physiological con-
texts. Interestingly, sweet birch bark has the highest lignin
content, which possibly enhances resistance to decay and
insect damage, thereby conferring a selective advantage in its
native habitats.”* A similar trend in lignin content was noted
in foliage across phenophase. The apparent reduction in
lignin during senescence may be due to the degradation and
recovery of inorganic salts, chlorophyll, and other factors that
the Klason method may overestimate;® however, the lignifica-
tion process occurs gradually as foliage matures, explaining

This journal is © The Royal Society of Chemistry 2025

the intermediate lignin levels of emerging relative to fully
developed foliage during the leafed/leafed (S) season.

2.5 Phenophase influence - total phenolic yields and S/G ratios

All tree parts produce the highest total phenolic monomer
yields during the leafed/leafed (S) phenophase (Fig. 2 and S2).
Total phenolic monomer yields are comparable in senescence,
leafless, and emergence phenophases for bark (Fig. 2). Twigs/
branchlets and foliage show a significant phenological vari-
ation (Piwigs/branchiets = 0.040, Proliage = 0.009, Kruskal Wallis
ANOVA), and the leafed/leafed (S) phase exhibited the largest
phenolic monomer yields by senescence emergence (Fig. 2). In
the leafless/leafed (W) phase, pitch pine foliage yields are
between those of senescence and emergence, whereas twigs/
branchlets yields are at their lowest during this phenophase
(Fig. 2). Higher total phenolic monomer yields during the
leafed/leafed (S) phase compared to emergence may indicate a
greater abundance of p-O-4 bonds during the leafed/leafed (S)

Green Chem.
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stages and that lignin condensation may be impacted by phe-
nophase, although future studies are needed to quantify the
relative fraction of p-O-4 bonds across seasons and confirm
this hypothesis.

The S/G ratio is relatively constant across phenophases (p =
0.836, Kruskall Wallis ANOVA); notably, this relative lack of phe-
nological change is due to the G and S unit yields following
similar phenological patterns rather than remaining stable
throughout the year. For instance, G unit yields are significantly
influenced by the time of year (pg units = 0.001, Kruskal Wallis
ANOVA) and are highest during the leafed/leafed (S) phase, fol-
lowed by senescence, leafless/leafed (W), and emergence. S units
follow the same variation pattern as G units by phenophase,
although not statistically significant (ps units = 0.062, Kruskall
Wallis ANOVA), peaking in the leafed/leafed (S) phase, followed
by senescence, leafless/leafed (W), and emergence (Fig. 2).

2.6 Combined influence of tree part, species, and
phenophase on phenolic monomer yields

Total monomer yields per unit biomass (Fig. 4 and Table S5)
highlight the significant impact of phenophase on monomer
production, with foliage yielding the lowest and bark and
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twigs showing more comparable results. Box plots of total phe-
nolic monomer yield grouped by species and phenophase are
shown in Figs. S3 and S4, respectively. These yields account for
both the total lignin content and the RCF monomer yield, pro-
viding a value for the total yield from biomass measured prior
to fractionation. Total monomer yields per unit biomass gener-
ally are the lowest for foliage and comparable between bark
and twigs (e.g., emergence yellow poplar yields are 3.8 + 0.3,
3.5 £ 0.5, and 1.3 + 0.2 wt% for bark, twigs/branchlets, and
foliage, respectively; Fig. 4). Consistent with the trends noted
above on a lignin basis, phenophase has a much greater
impact on the yield than species. Most notably, the leafed/
leafed (S) phenophase has the greatest total monomer yields,
often by several wt% in all but two instances. The five highest
total monomer yields are all in the leafed/leafed (S) pheno-
phase: American beech bark, yellow poplar twigs/branchlets,
American beech twigs/branchlets, yellow poplar bark, and
pitch pine twigs/branchlets (Fig. 4). The two exceptions are
sweet birch twigs/branchlets, in which the senescence and
leafed phenophases equivalently have the highest yields, and
sweet birch bark, in which the leafed phenophase has the
second highest yield behind senescence (Fig. 4 and Table S5).
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Fig. 4 Total phenolic monomer yields (wt%) on a dry, extractive-free biomass basis for (A) twigs/branchlets, (B) bark, and (C) foliage. Senescence is
shown in orange, leafless/leafed (W) in blue, emergence in green, and leafed/leafed (S) in magenta. Note that for deciduous species, there is no

foliage in the leafless phenophase. Reported as mean + standard deviation.
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The phenophase with the lowest total monomer yield is most
often emergence or senescence. While twigs/branchlets do not
follow a specific trend by phenophase, foliage consistently has
its lowest phenolic monomer yield during emergence. Bark
generally shows the lowest phenolic monomer yields during
senescence, except for sweet birch bark, which has its highest
yield in senescence. Interestingly, sweet birch is the only
species for all residues with the lowest monomer production
consistently occurring in a single phenophase - emergence.

2.7 Harvest optimization for biorefineries

Forest residues are attractive biorefinery feedstocks due to
their relatively low cost and abundance. They are already col-
lected as byproducts from logging and sawmills but are gener-
ally used for lower-value applications such as energy gene-
ration or compost.® Forest residues often have higher lignin
contents than woody biomass.®'*'>'¢ Higher lignin contents
may reduce the value of the compost because lignin is particu-
larly challenging to degrade under typical composting con-
ditions, ultimately making forest residues better suited to
other applications.’® The total phenolic monomer yields from
forest residues generally are lower (<10 wt% on a biomass
basis; <30 wt% on a lignin basis) compared to wood (typically
20-60 wt% on a lignin basis for native woods),** which reflects
structural constraints in these residues. For instance, reduced
yields in bark may be attributed to the presence of suberin
and a more condensed lignin structure with fewer C-O bonds,
as noted in black locust bark.?® To quantify the impacts of the
lower yields of residues compared to woody feedstocks on the
biorefinery economics and sustainability, TEAs and LCAs are
useful (similar to recent work performed on a yellow poplar
residue-based biorefinery)."” It is important to note that the
economic viability of biorefinery will also depend on factors
such as the market for renewable phenolics and biorefinery
scalability.’>'® Furthermore, although analyses in this study
were performed on an extractive-free, dry basis, both moisture
and extractive content can be important factors for a biorefin-
ery. Residues often have higher moisture/extractive content
than traditional woody biomass, which should be considered,
as drying can be energy-intensive and significantly contributes
to overall biorefinery greenhouse gas emissions.>® Another
practical consideration is that biomass collection may depend
on access to logging sites, and its availability/cost may be influ-
enced by external factors like forest health and weather
events.>** Additionally, the total biomass available during
each phenophase is inherently site- and stand-specific,
depending on species composition, forest structure, and local
climate.®® Thus, to translate phenophase-specific monomer
yields into total monomer production, biorefineries should
integrate local forest inventory data and seasonal biomass
dynamics into their analyses for TEA/LCA projections. Overall,
TEA and LCA are critical next steps to connect these harvest
optimization strategies proposed herein directly to their econ-
omic and environmental impacts for industrial biorefineries.
Forest residues may also be collected together, with
different tree parts mixed in a single RCF reaction. A limited
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number of experiments were performed to determine the
agreement between predicted cumulative yields when tree
parts are combined at a known ratio (Fig. S5). Good agreement
(within error) was found between predicted and experimental
cumulative yields when tree parts were mixed at known ratios
for sweet birch, and reasonable agreement (within 2 wt%) was
seen for pitch pine. This agreement may suggest that tree part
combination does not interfere with the RCF reaction pro-
gression for sweet birch and pitch pine; however, quantitative
conclusions are limited due to the small sample size.
Biorefineries and RCF experiments involving tree part combi-
nations should conduct more extensive studies to verify these
results and potentially optimize RCF conditions to enhance
phenolic yields further. For instance, recent work has demon-
strated that certain RCF conditions enable efficient decon-
struction of a wide range of lignocellulosic biomass feedstocks
in a scalable feedstock-agnostic process.’® The efficiency and
selectivity of RCF are strongly influenced by both catalyst
characteristics (e.g., type, dispersion, support) and reaction
conditions.>”"®! Metal choice (e.g., Ru, Ni, Pt, Pd) and the use
of external hydrogen or hydrogen-transfer reagents can signifi-
cantly affect monomer yields and product distributions.
Hydrogen-free RCF is a promising method, and the choice of
solvent and catalyst pair is key to control product selectivity of
aromatic monomers.”>® Thus, optimizing RCF conditions and
combinations is essential to maximize monomer yields and
control product distributions in biorefinery applications.

An overview of the harvest optimization strategies estab-
lished herein is shown in Fig. 5. Biorefineries should prioritize
using barks and twigs/branchlets from all phenophase and
species over foliage to maximize total phenolic yields, as bark
consistently exhibits high lignin content, and twigs/branchlets
consistently produce double the amount of total phenolic
monomers than bark. Biorefineries can more than double
total monomer yield and maximize lignin valorization by har-
vesting forest residues during the leafed/leafed (S) pheno-
phase. American beech and yellow poplar bark and twigs/
branchlets and pitch pine twigs/branchlets in the leafed/leafed
(S) phenophase achieve the highest total monomer yields on a
biomass basis, thus serving as the optimal biorefinery feed-
stocks. In contrast, sweet birch does not reach the same peak
yields, but its consistency across phenophases may benefit
biorefineries with less inventory management capacity,
seeking consistent yields throughout the year.

S/G ratio variation can significantly impact the properties of
polymers synthesized from phenolic monomeric units, thus
determining the wultimate application of lignin-derived
materials (due to structure-property relationships discussed in
the introduction).*® Understanding the relationship
between feedstock selection and S/G ratios enables biorefi-
neries to manage inventory and predict/tailor biorefinery
outputs. To target low S/G ratios, softwood residues can be har-
vested in any phenophase. Conversely, to target high S/G
ratios, biorefineries should use deciduous twigs/branchlets
(especially those of American beech and yellow poplar) in any
phenophase. To maximize both G and S unit yields, harvests
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Fig. 5 Overview of forest residue harvest optimization strategies to maximize lignin valorization in lignocellulosic biorefineries. Lines to optimal
species, tree parts, and phenophases are shown with solid, dotted, and dashed lines, respectively. Species are grouped into two broader categories:
hardwoods (American beech, sweet birch, and yellow poplar) and softwoods (pitch pine). Twigs/branchlets, bark, and leafed/leafed (S) are high-
lighted with a bold black outline as the recommended feedstocks for biorefineries to maximize lignin valorization.

should be conducted during the leafed/leafed (S) phase. The
correlation between higher S unit yields and total phenolic
yields across all tree parts, species, and phenophases indi-
cates that biorefineries should target higher S unit-containing
residues; however, this point must be made with a few
caveats. First, the S unit values reported herein are as quanti-
fied after RCF, which has been a popular method for lignin
structure analysis for nearly a century and may be representa-
tive of the ratios in the native lignin but has not been fully
established as an analytical approach to determine S/G
ratios.® Second, typically G units are more condensed than S
units due to the availability of the C5 position on the aro-
matic ring in G units that is available for radical coupling.®
Thus, S units are typically more involved in p-ether bonds
(e.g., p-O-4 bonds) but also B-f bonds (a condensed C-C
bond).®* Third, higher S units may be associated with higher
monomer yields, but lignin bond speciation is impacted by
additional factors during biosynthesis (e.g., monomer con-
centrations and delivery rates), which remains an active area
of biorefinery research.®*’

A final consideration for the harvest optimization of forestry
residues is the biogeographic ranges of the species examined.
The tree species studied here grow primarily within the
Eastern temperate deciduous forest biome. As such, the phe-
nophase-driven differences in lignin content and monomer
yields observed here may vary in magnitude or timing from
other biomes with different climatic or edaphic conditions,
species assemblages, or management systems. Moreover,
although the results herein provide insight into general pat-
terns of seasonal lignification in temperate Eastern U.S.
forests, additional studies across broader geographic and cli-
matic gradients are needed to evaluate the robustness and
global applicability of these findings.

Green Chem.

3. Conclusions

Strategic feedstock selection and harvest optimization offer
significant potential to address critical challenges, including
resource scarcity, supply chain inefficiencies, and the underu-
tilization of biomass resources. These conclusions are drawn
from trees native to Eastern U.S. forests, yet the principles of
optimizing harvests can be applied globally, extending to other
forest ecosystems, agricultural residues, and municipal waste
streams, all of which exhibit spatial and temporal variances.
By leveraging these strategies, we can enhance not only the
value of forest residues but also reduce environmental
impacts, mitigate waste, and drive sustainability across mul-
tiple sectors. Lignin valorization is essential to the commercial
success of biorefineries, improving economics and mitigating
environmental impacts. Furthermore, as global demand for
renewable fuels, chemicals, and materials continues to rise,
these approaches are vital to scaling up the bioeconomy,
ensuring energy security, and reducing dependency on fossil
fuels. Ultimately, these innovations could catalyze a funda-
mental shift towards a more circular economy in which biore-
sources are utilized to their fullest potential, and the inte-
gration of these strategies within industrial biorefineries leads
to a more sustainable, resource-efficient, and resilient future.

4. Experimental section
4.1 Study site and field collection

Biomass samples (foliage, bark, twigs/branchlets) from the
four test species — Betula lenta L. (sweet birch), Fagus grandifo-
lia Ehrh. (American beech), Liriodendron tulipifera L. (yellow
poplar), and Pinus rigida Mill. (pitch pine) - were collected

This journal is © The Royal Society of Chemistry 2025
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during each phenophase (senescence, leafless, emergence, and
leafed for deciduous species; senescence, leafed (W), emer-
gence, and leafed-spring/summer (S) for pitch pine) from the
mixed species forest within and near the Fair Hill Natural
Resources Management Area (39°42' N, 75°50’ W) in northeast-
ern Maryland. For each phenophase, biomass samples were
collected from multiple individuals of each species of varying
size, height, and age, ensuring that samples were representa-
tive of each tree species examined. Bark samples consisted pri-
marily of outer bark, especially from the thicker, rough-barked
species (e.g., yellow poplar, pitch pine). The depth of outer
bark inherently varies with species-specific bark thickness and
tree age. The tree species examined represent a range of traits.
For example, American beech is shade tolerant, whereas yellow
poplar is shade intolerant. Pitch pine is the only gymnosperm,
whereas the other three tree species are angiosperms. Such
differences are noteworthy because differing traits among
species lead to differing life strategies that impact the biomass
structure and chemical composition.

4.2 Materials

The collected biomass samples were dried in an oven at 40 °C
to <10 wt% moisture (approximately 12 to 48 h).*” Moisture
content was determined via a Sartorius moisture content ana-
lyzer (MA 160). Dried biomass was milled to a <0.5 mm
powder size using a Thomas Wiley® Mini Cutting Mill.
Methanol (certified ACS Reagent Grade, 99.8%), hexanes
(98.5%), and sulfuric acid (certified ACS plus, 95.0-98.0%)
were purchased from Fisher Scientific. 5 wt% Ru/C powder
(MKCQO0667) and decane (99.8%) were purchased from Sigma
Aldrich. Ethanol (200 proof, anhydrous) and sulfuric acid (72%
w/w) were purchased from Decon Laboratories and Ricca
Chemical, respectively. All chemicals were used as received.

4.3 Lignin compositional analysis

After collection, drying, and milling of the biomass, extractives
were removed according to previously reported procedures to
reduce lignin measurement interference.® Briefly, samples
were sonicated in 80 vol% ethanol in deionized water at least
four times, followed by sonication in hexanes at least two
times until the solvent wash ran clear. Samples were sub-
sequently dried under a dynamic vacuum at 40 °C for at least
48 h. Moisture and extractive content data are shown in
Table S7. Biomass compositions were measured using a pro-
cedure from the National Renewable Energy Laboratory.”” In
this procedure, dried, extractive-free biomass underwent a two-
step acid hydrolysis following the Klason procedure for lignin
analysis. The lignin was fractionated into acid-soluble and in-
soluble material, measured by Ultraviolet-Visible spectroscopy
(240 nm) and gravimetric analysis, respectively. The Klason
method is known to overestimate lignin content in non-woody
biomass, such as foliage and bark, due to non-woody tissues
containing more complex residues (e.g., tannins, inorganic
salts, proteins, fats, waxes) that are not degraded or solubilized
in the two-step acid hydrolysis,® as discussed further in SI
section A.
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4.4 RCF

RCF was performed as described in the literature.”"> Briefly,

0.1 g Ru/C and 1 g of biomass were added to 20 mL of metha-
nol in a 50-mL, high-pressure, Parr reactor. A heating jacket,
connected to a variable power supply and controlled by a pro-
portional-integral-derivative temperature controller, was used to
heat the reactor to 250 °C. The RCF conditions were established
in previous work.’ Reaction temperature was monitored using a
K-type thermocouple in a thermowell. The reactor was purged
three times with N,, pressurized with 40 bar of H,, and stirred
for 15 h at 250 °C. The stir rate was 500 rpm, and reactions were
performed in duplicate. Subsequently, the reactor was passively
cooled to 25 °C, and the H, was released. Reaction products
were filtered using 0.45-um Nylon syringe filters to aid in pheno-
lic monomer identification and quantification.

4.5 RCF product identification and quantification

RCF products were identified via gas chromatography-mass spec-
trometry (GC-MS) and quantified via GC-flame ionization detec-
tor (GC-FID) analysis. An Agilent 7890B series GC instrument,
fitted with an HP5-MS capillary column, and an Agilent 5977A
series MS instrument, were employed for the GC-MS analysis of
the reaction products at the following conditions: injection
temperature of 250 °C, column temperature program of 50 °C
(1 min), ramp to 300 °C at 15 °C min™", hold at 300 °C (7 min).
The transfer line connecting the GC instrument to the MS
instrument was maintained at a detection temperature of 290 °C
to ensure efficient transfer of the analytes. Both the FID and MS
used helium as the carrier gas at a flow rate of 25 mL min™".

The phenolic monomers in the reaction product were quan-
tified using an Agilent 7890B series GC instrument, equipped
with an HP5 column and an FID. The injection and detection
temperature were 300 °C. The column temperature program
included a 40 °C hold (3 min), a ramp to 100 °C at 30 °C
min~', a ramp to 300 °C at 40 °C min~", and a hold at 300 °C
(5 min). GC-FID chromatogram peaks are arranged in the
same order as those in the GC-MS chromatogram because a
similar capillary column was used. The effective carbon
number (ECN) method and an internal standard (decane) were
used to quantify phenolic monomers as standard monomers
were not available. Based on lignin mass content, phenolic
monomer yield was determined by calculating integrated areas
of the monomer and decane in the GC chromatograms, as
described in the literature.”®® Twelve phenolic compounds
were identified, including typical guaiacyl and syringyl deriva-
tives. For the full list of compounds, see SI section B.

4.6 Statistical analysis

Median values for overall trends and mean values and stan-
dard deviations of individual tree part, species, and pheno-
phase are shown in Tables S2/S3 and S4/S5, respectively.
Extractive and moisture content are shown in Table S7. Yellow
poplar leafed phenophase data was obtained from a previously
published paper.'® Statistical differences (p-value <0.05) were
deduced using two-way ANOVA. Assumptions of normality and
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homogeneity of variances were verified via the Shapiro-Wilk
and Brown-Forsythe tests, respectively. An appropriate two-way
ANOVA (such as the Kruskal Wallis test for non-normal data)
was then performed on the basis of these assumptions. If sig-
nificant results were obtained, Dunn’s test for multiple pair-
wise comparisons was employed to pinpoint statistically sig-
nificant differences. The ANOVA revealed non-significant
p-values for small sample sizes (n = 3), introducing larger devi-
ations. For such cases, we considered mean differences within
2 wt% as not statistically different, indicating practical equiva-
lence despite potential fluctuations.'® This approach enabled
us to identify meaningful trends from the data, acknowledging
the statistical limitations. All statistical analyses were con-
ducted using SigmaPlot v. 15.0.
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