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ABSTRACT: Endocarp biomass, which forms much of the
inedible portion of nuts and stone fruits, is a promising feedstock
for aromatic chemical production due to its high lignin content and
because it is a food industry waste. Here, we tested the nut shells
and fruit kernels of seven species and report that their aromatic
monomer yields can surpass those obtained using wood chips by
up to 30% on a dry biomass basis due to their high lignin content.
We also observed that acid-catalyzed aldehyde-assisted fractiona-
tion (AAF) facilitates lignin valorization when using industrially
relevant particle sizes (3−5 mm) with monomers yields that are
80% to 170% higher than those obtained with reductive catalytic
fractionation (RCF) for similarly sized particles. This difference
was highly correlated with the feedstock surface area, demonstrating the importance of acidic pretreatment for substrates with low
accessibility and/or large particles.
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■ INTRODUCTION

Our society relies on fossil resources to produce energy and
chemicals. To reduce our dependence on fossil feedstocks and
to develop a sustainable chemical industry, renewable carbon
feedstocks are needed. Lignocellulosic biomass, which is the
main source of renewable carbon on Earth after atmospheric
CO2, will likely play a crucial role in achieving this goal.
Lignocellulosic biomass is mainly composed of three
biopolymers (cellulose, hemicellulose, and lignin), and
isolating each fraction without significant degradation remains
a challenge. Specifically, current industrialized fractionation
technologies employ acidic, basic, or high temperature
conditions that degrade lignin during its isolation through
condensation reactions. The most prominent condensation
pathway is thought to involve the elimination of benzylic
alcohol on the lignin backbone, which produces benzylic
carbocation that reacts with neighboring aromatic groups,
forming additional carbon−carbon (C−C) bonds.1 These
recalcitrant bonds significantly alter the lignin’s ability to be
depolymerized selectively. Selective lignin depolymerization
involves the cleavage of its ether linkages via reductive,2−9

oxidative,10−16 or solvolysis17 pathways as selectively cleaving
C−C bonds remains impractical. Condensation increases the
fraction of C−C bonds in lignin, thus decreasing the
monomers that can be produced from it by ether cleavage.18

To maximize the production of aromatic monomers, the
native β-O-4 ether linkages in lignin can be depolymerized

directly from the native biomass before condensation occurs
using reductive catalytic fractionation (RCF, also referred to as
direct hydrogenolysis). In this process, native biomass particles
are heated in an organic solvent with a heterogeneous metal
catalyst in the presence of molecular hydrogen or a hydrogen
donating solvent.19 This process, in the absence of mass
transfer limitations and when ensuring close contact between
the biomass and catalyst, can lead to a near theoretical yield of
aromatic monomers based on full cleavage of ether linkages
(between 40 and 55 wt % based on Klason lignin for wild
hardwoods and 20%−30% for softwoods).3,20−28 The biomass
and catalyst can be physically separated by using a cage or in
subsequent compartments in a flow reactor, but both systems
require rapid transport of lignin intermediates to the catalyst to
avoid condensation, which usually necessitates high dilu-
tion.22−23 As an alternative to preventing condensation by
direct conversion, we previously reported a lignin stabilization
strategy that involves the use of aldehydes as protecting groups
during its isolation, referred to here as aldehyde-assisted
fractionation (AAF).24−30 The aldehyde reacts with the 1,3-
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diol of the native β-O-4 structure to form an acetal that
prevents benzylic alcohol elimination, which is the first step in
the condensation pathway. Acetal protection also allows the
biomass to be fractionated and lignin to be isolated from the
other biomass fractions, while retaining the majority of its
ether linkages. After subsequent depolymerization of the
stabilized lignin by hydrogenolysis, observed yields were
usually within 5%−10% of those obtained by RCF using
wood as a benchmark to evaluate the quality of the
stabilization and isolation process.30 Besides reductive
chemistry and acetal stabilization, other strategies were
developed to efficiently convert lignin into monomers by
avoiding condensation. Among these, oxidative catalytic

fractionation under alkaline conditions31,32 and photocatalysis
under mild conditions33 were reported as efficient methods to
reach high yields of monophenolic compounds from native
lignin in biomass.
Though most studies have focused on wood, a particularly

interesting source of nonedible lignocellulosic biomass are
endocarps. In stone fruits, the endocarp is the thick hard layer
that surrounds the seed in the pit. In nuts, it is the hard layer
that surrounds the edible kernel. Unlike most nonedible crop
residues, endocarp biomass cannot be used for livestock feed
and is largely underutilized.34 In addition to its availability
within the food production logistics chain, its high lignin
content (up to 50 wt %)35 gives it a high energy density and

Table 1. Compositional Analysis of Biomass Feedstocks

Moisture (%) Klason lignina (%) Cellulosea,c (%) Hemicellulosea,d (%) Extractivesa (%) Ashesa (%)

Birch 6.1 19.1b 34.2b 22.0b 3.5b 0.2
Beech 6.5 21.4b 35.5b 20.9b 3.3b 0.2
Pine 6.0 33.5 ND ND 6.0 0.3
Cedar 9.0 31.5 ND ND 2.7 0.4
Plum kernel 7.0 36.7 22.1 24.2 3.7 0.3
Apricot kernel 6.1 36.0 19.9 27.4 10.0 0.3
Peach kernel 5.9 36.8 20.3 25.4 10.4 0.4
Cherry kernel 4.7 37.6 20.1 25.5 14.1 0.4
Hazelnut shell 7.5 41.3 18.7 23.1 5.5 1.0
Walnut shell 5.4 43.9 13.4 10.4 20.4 3.6
Almond shell 8.9 31.6 23.6 27.6 5.1 0.7

aFractions are presented as a weight percentage of the biomass on a dry basis. bData from Talebi Amiri et al.30 cBased on the glucan fraction.
dBased on the xylan, galactan, arabinan, and mannan fractions.

Figure 1. Biomass feedstocks RCF (reaction conditions: 250 °C, 40 bar H2, 15 h; solvent: THF; catalyst: Ru/C; biomass particle size: 50−125
μm). Guaiacyl (G) and syringyl monomers (S) are given in shades of blue and red, respectively. Yields are expressed on a dry biomass basis.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c03360
ACS Sustainable Chem. Eng. 2020, 8, 16737−16745

16738

https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03360?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03360?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03360?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03360?fig=fig1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c03360?ref=pdf


makes it an attractive source of aromatics.35 While its potential
for energy production has already been explored,34 the
biorefining of this waste into chemicals has seen limited
studies.35 Here, we explore the depolymerization of various
endocarp lignin streams by using both RCF and AAF and
demonstrate that endocarp biomass offers unique opportu-
nities for aromatic monomer production. We also demonstrate
that atypical physical characteristics such as low surface area
and varying chemical functionality within the native lignin have
substantial effects on the aromatic monomer yields resulting
from different lignin upgrading methods.

■ RESULTS AND DISCUSSION

Compositional Analysis of Raw Feedstocks. To
comprehensively study the depolymerization of different
endocarps and compare them to classic biomass valorization
feedstocks, we selected 12 materials from various biomass
species including hardwood chips, softwood chips, fruit
kernels, and nut shells (Table 1). Each feedstock was sieved
after grinding and ball milling to obtain three particle size
fractions: 50−125 μm, 0.5−1.0 mm, and 3−5 mm. These
fractions were separately subjected to RCF and AAF, and the
resulting yields of aromatic monomers were compared to
exclude any effect that sieving might have had on the fractions'
compositions and thus the conclusions of this work. Composi-
tional analyses were performed on fractions with the smallest
particles and revealed high lignin contents for endocarps as
compared to woods (Table 1), with a maximum Klason lignin
content of 43.9 wt % for walnut shells. As some have noted, the
determination of Klason lignin content in unusual biomass
material such as seed coats and food wastes can be prone to
overestimation, and thus, these numbers should be considered
as estimates rather than exact quantities.36,37 However, as we
discuss, these high lignin contents are largely confirmed by the
associated high monomer yields that can be obtained from
these feedstocks (vide inf ra). An additional chloroform
extraction has been reported to remove additional extractives
that can interfere with Klason lignin quantification in seeds
(see SI Section S3.6.1).36 We performed this procedure as an
additional control, but the Klason lignin contents obtained
after such treatment differ only slightly from those obtained
with an already reported procedure (Table S7).30 The
endocarp feedstocks studied here also had a lower cellulose
contents and higher hemicellulose contents than softwoods
and hardwoods. The sole exception was walnut shells, which
contained less hemicellulose. These results are consistent with
previously reported compositional analyses of endocarps.38

Potential Monomer Production on Endocarp Feed-
stocks. Because RCF typically produces near theoretical yields
of aromatic monomers through ether cleavage, we performed
RCF (THF, Ru/C, 250 °C, 40 bar H2, 15h) on all selected
feedstocks to compare the maximum quantity of achievable

monomer yields for each species (Figure 1). Tetrahydrofuran
(THF) was chosen as the solvent and Ru/C as the catalyst to
match previous studies on the depolymerization of extracted
lignin.30 The results obtained when using THF as the solvent
for RCF of wood are within a few percentage points of those
obtained when methanol was used (≥95%, Figure S1).2,3,6

Only the product distribution is affected, notably due to an
increase in the fraction of chain truncation products. Greater
differences could be observed when larger particles of
endocarp biomass were used (70% for apricot pits 3−5 mm,
Figure S1), but the differences were not significant compared
to the various trends discussed in the study. To avoid any
accessibility issues or mass transfer limitations, we used the
smallest particle size fraction (50−125 μm), and the resulting
monomers yields were within the range of previously reported
results with respect to Klason lignin content (Table S1). For
example, RCF of birch and beech woods gave monomer yields
of 47 and 41 wt % with respect to Klason lignin, respectively.
These are within the range expected for the maximum yield of
hardwoods (40%−55%).3,20−28,24−26 Detailed yield calcula-
tions are described in SI Section S2.6.
Hardwoods (birch, beech) and softwoods (pine, cedar) were

used as references since they are well studied in the literature.
They have different lignin structures (Figure 2) and differing
abundancies of guaiacyl (G) and syringyl (S) residues. We
characterized the abundance using the proportion of guaiacyl
units and defined it as G/(G+S), which was computed using
the hydrogenolysis monomer distribution. Although this
method only provides an indirect indicator of the composition
of native lignin, the ratio calculated based on hydrogenolysis
monomer distribution closely tracks the G/(G+S) ratio that
was calculated by peak integration of the 1H−13C hetero-
nuclear single quantum coherence nuclear magnetic resonance
(HSQC-NMR) spectrum of isolated lignin (Table S1). For
apricot kernel lignin, the same G/(G+S) ratio (47%) was
found by using the hydrogenolysis product distribution and the
HSQC-NMR peaks integration. For almond shell lignin, 37%
and 40% were found via product distribution and HSQC-
NMR, respectively. Deviations of 9%, 10%, and 13% were
observed, respectively, for birch, hazelnut shell, and plum shell
lignins.
Hardwood lignins mostly contain syringyl units (G/(G+S)

are 24% for both birch and beech (Table S1)), while softwood
lignins are known to contain only guaiacyl units (G/(G+S) are
100% (Table S1)). Softwood lignins have also been reported
to have more native C−C bonds in their structure.1 This
phenomenon has been proposed to be due to their pure
guaiacyl content as guaiacyl species have one less aromatic
methoxy group than syringyl species (position 5, Figure 2).
These positions can form recalcitrant C−C bonds during lignin
biosynthesis,1 lowering theoretical monomer yields based on
ether cleavage. Nevertheless, softwoods offer valorization

Figure 2. Lignin model structure for hardwood.39 The structure of one β-O-4 linkage is highlighted in blue. Recalcitrant native C−C linkages are
highlighted in red. G: guaiacyl; S: syringyl.
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opportunities related to guaiacyl-derived molecules such as
vanillin or eugenol that have large existing commercial markets
unlike their syringyl equivalents.
All the endocarp biomass feedstocks considered here led to

monomer yields per total biomass within the same order of
magnitude as the wood references. Cherry, apricot, and plum

pits surpassed birch yields (89.5 g monomers/kg dry biomass)
with yields of 89.6, 97.2, and 117.7 g/kg, respectively. We
observed a wide variability in G and S monomer distributions
with G/(G+S) ratios ranging from 99% for walnut shells to
31% for apricot pits (Table S1). These differences offer the
possibility of tuning the selectivity between G and S monomers

Figure 3. HSQC-NMR spectra of isolated lignin extracted using AAF with propionaldehyde (3 h, 85 °C, particle size 50−125 μm).
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through feed selection. HSQC-NMR spectra of the isolated
lignin with AAF (Figure 3) show clear compositional
differences between feedstocks in the aromatic region (1H:
6.4−7.2 ppm; 13C: 100−125 ppm), which is in agreement with
the wide monomer distributions measured after depolymeriza-
tion. The peaks assigned to propylidene acetal-protected lignin
structures were greater than those assigned for free β-O-4 ether
linkages confirming efficient lignin stabilization during AAF on
endocarp biomass (Figure 3). Specifically, the comparison of a
peak assigned to the propylidene acetal structure (PA1, Figure
3) and a peak related to the free β-O-4 ether linkage (Aα,
Figure 3) allowed us to estimate the degree of protection of β-
O-4 structures. All the extracted lignins showed high degrees of
protection (89%, 80%, 75%, 100%, and 64% for birch, apricot
kernels, almonds shells, hazelnut shells, and plum kernels,
respectively).
More generally, this screening highlights the high aromatic

production potential of endocarp biomass, which is typically
available at lower price than wood due to waste management
costs and typically do not require further drying or size
reduction.
Effect of Particle Size on RCF and AAF Efficiency. RCF

studies are usually conducted on biomass thoroughly milled
into sawdust,3,21 which tends to suppress any accessibility
limitations. However, in an industrial context, biomass chips
(>1 cm) are likely to be used because size reduction steps are
costly and energy intensive, especially considering the hardness
of endocarp feedstocks. Size reduction simultaneously
increases the specific area of the biomass and also decreases
delignification mass transfer limitations thanks to shorter
diffusion lengths. The effects of these two phenomena occur in
concert and, as such, are very challenging to dissociate. We
therefore consider that both effects are encompassed by the
term accessibility in this work.
To verify the effect of size reduction, we used AAF to isolate

lignin from five selected feedstocks with three different particle
size ranges and then hydrogenolyzed those lignins and
compared the results to those obtained by using RCF (Figure
4). Starting with birch, RCF yields dropped slightly with
increasing particle size, obtaining yields of 89.5, 85.8, and 72.9

g/kg for wood particle fractions of 50−125 μm, 0.5−1 mm,
and 3−5 mm, respectively (Figure 4A). Conversely, hydro-
genolysis of lignin isolated via AAF was not affected by particle
size, and we even observed a slight increase (2.7%) as the size
of the particles increased, which we assigned to experimental
variability.
The reduction in monomer yield trends for RCF as a

function of particle size was more pronounced for other types
of biomass. When switching from small (50−125 μm) to large
(3−5 mm) fruit pit particles, RCF yields decreased by more
than 60% (Figure 4B, C). The greater bulk density of these
biomass species likely decreased lignin accessibility, emphasiz-
ing the importance of size reduction. We observed the same
decreases for nut shells with hazelnut shells yielding 65% less
and almond shells yielding 47% less (Figure 4D, E). The
improved yield reduction observed for almond shells could be
attributed to their higher accessibility as compared to the other
endocarp biomass feedstocks (vide inf ra, Figure 6).
When performing AAF and isolating the stabilized lignin

prior to its hydrogenolysis, yield reductions were significantly
less pronounced for endocarps as a function of increasing
particle size (Figure 4A−E). With the largest particle size,
yields using apricots and plum pits were reduced by 8% and
20%, respectively, a decrease 3-fold smaller than that observed
for RCF. With almonds, yields obtained by AAF increased by
5% and 10% when switching from small to medium and small
to large particles, respectively. When using hazelnut shells,
monomer yields decreased by 22% when switching from small
to large particles, while small- and medium-sized particles
produced similar yields (<1% difference). In all cases, RCF saw
the greatest reduction in monomer yields as a function of
increasing particle size.
When using AAF on plum kernels, almond shells, and

hazelnut shells, the best yield was not observed when the
smallest particles where used, consistent with our observation
with birch wood (Figure 4). This result indicates that the
pretreatment protocol likely requires optimization for each
particle size. The standard procedure30 (3 h) was optimized for
wood sawdust (0.45−6 mm), but residence times should be
tuned to each biomass sample, according to its nature and

Figure 4. Lignin-derived monomer yields obtained by RCF and AAF followed by hydrogenolysis of the extracted lignin for selected biomass species
using three separate particle size ranges as a starting material. Yields are expressed on a dry biomass basis. RCF conditions: THF, Ru/C, 250 °C, 15
h, 40 bar H2. AAF conditions: lignin extraction with dioxane, propionaldehyde, HCl at 3 h for 85 °C followed by isolated lignin hydrogenolysis
(THF, Ru/C, 250 °C, 3 h, 40 bar H2).
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particle size. We varied the pretreatment time between 1 and
10 h for large and small plum pit particles to evaluate its effect
on the extracted lignin’s hydrogenolysis yields (Figure 5A). For
the small particles, the best monomer yields were obtained
after only 1 h and decreased with additional residence time.
Most of the lignin was likely extracted after 1 h, following
which, due to the reversible nature of the acetal protection, the
lignin likely gradually condensed. For the largest particles, the
maximum yield after hydrogenolysis was obtained after a 3 h
pretreatment. As previously demonstrated for similar systems,
longer pretreatment times were likely required to deconstruct
the lignocellulose structure and fully extract the lignin.25,30

Extending the pretreatment time beyond 3 h reduced
monomer yields, as once the lignin is extracted, condensation
is thermodynamically preferred. Increasing biomass residence
time in a pretreatment reactor is likely to require additional
energy. Future studies could compare this energy demand with
size reduction requirements during biomass preparation.
One explanation for the reduction in aromatic monomer

yields as a function of increasing particle size for RCF could be

that longer residence times were required to fully extract the
lignin. Therefore, we also investigated the dependence of
monomer yield on RCF residence time using plum pits. For
both large and small particles, monomer yields were not time
sensitive with observed yield variations under 15% between 5
and 30 h (Figure 5B).39 These observations confirmed
previous reports that the phenolic monomers are stable
under hydrogenolysis conditions3 further supporting our
hypothesis that yields are limited by lignin accessibility. As
lignin needs to be solubilized in order to be hydrogenolyzed,

Figure 5. Evolution of monomer yields for large and small plum pit
particles. Yields are expressed on a dry biomass basis. (A)
Pretreatment and lignin extraction was performed using different
residence times at 80 °C, while identical hydrogenolysis conditions
were used (THF, Ru/C, 250 °C, 40 bar H2, 3 h). (B) RCF was
performed directly on native biomass (THF, Ru/C, 250 °C, 40 bar
H2) at different residence times.

Figure 6. Influence of porosity and S/(G+S) ratio on RCF lignin
monomer yields. Yields are expressed on a dry biomass basis. (A)
Monomer yield sensitivity to biomass particle size for RCF as a
function of Brunauer−Emmett−Teller surface (SBET). The size
sensitivity is expressed as the decrease in aromatic monomer yield per
mm change of biomass particle size (g/(kg biomass mm particle
size)). (B) Aromatic monomer yield on a Klason lignin basis obtained
by RCF for different feedstocks (50−125 μm) as a function of the
G(S+G) ratio in the product mixture (reaction condition: THF, Ru/
C, 250 °C, 15 h, 40 bar H2).
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increased degradation of lignin fragments by condensation will
be observed as the necessary diffusion distance grows.
Overall, yields obtained from the hydrogenolysis of isolated

lignin resulting from a pretreatment and stabilization stage
were significantly less sensitive to initial particle size than those
obtained from directly subjecting native biomass to hydro-
genolysis. Fractionation increased lignin accessibility during
hydrogenolysis and largely negated any effects of the original
particle size. Also, as the protection group is a soluble
aldehyde, it could diffuse within the biomass’s pore network
and stabilize the lignin before the biomass is deconstructed. In
the RCF system, the stabilizing agent is the metal catalyst
which is supported on particles that are too big to enter
biomass pores.40 As the diffusion length through the catalyst
and biomass increases with biomass particle size, reactive lignin
intermediates are more likely to undergo partial condensation
before contacting the stabilizing catalyst. In comparison, AAF
lignin is assumed to be less sensitive to diffusion length as it is
presumably stabilized somewhat independently of biomass
particle size due to the capacity of the aldehyde to penetrate
the biomass. Of course, for hydrogenolysis, both stabilized
AAF lignin and reactive RCF intermediates need to diffuse
through the catalyst to the Ru surface. Since AAF lignin is
assumed to be very similar to RCF lignin after the initial
solvolysis and since the same catalyst was used in both cases,
diffusion through the catalyst is assumed to be similar. Even if
there is a difference, because the lignin fragments resulting
from AAF are stabilized, they are likely to be fairly insensitive
to this diffusion as well. Importantly, the distribution of
monomers was never significantly affected by the depolyme-
rization method or the particle size (Table S2).
Influence of Porosity and G/(S+G) Ratio on Monomer

yield. To rationalize yield variations, we investigated the
influence of porosity as an indicator of lignin accessibility. Prior
to porosity measurements, extractives were removed by
washing the material with water−ethanol mixtures. The
subsequent drying was carefully performed as it is known to
lead to pore collapse.41 To limit the effect of structural changes
during drying, specifically through pore collapse, we performed
critical point drying (CPD) on all samples by supercritical CO2
(see details in SI Section S2.6). To illustrate the importance of
careful drying, we observed a 3-fold reduction in surface area
when switching from CPD to vacuum drying for native birch
samples (Table S3, entries 1 and 2). Porosity measurements
suggested that the higher accessibility of birch, which had a
porous volume twice that of apricots pits and hazelnut shells,
could explain why RCF monomer yields did not drop as much
for hardwoods compared to endocarps as particle size
increased. A higher accessibility would likely lead to faster
transport between the biomass’s inner structure and the
catalyst’s surface. Ball milling likely decreased the length of the
diffusion path but also increased specific surface area. For
hazelnut shells, we saw a 3-fold increase in surface area and
porous volume after ball milling (Table S3, entries 6 and 7),
which correlates strongly with the 3-fold increase in monomer
yield obtained by RCF (Figure 4E). Interestingly, almond
shells which had a higher porosity than other endocarp
biomass samples showed the lowest yield sensitivity to particle
size when using RCF. Although not perfectly linear, there is a
clear trend between yield sensitivity to particle size for RCF
and the measured biomass porosity (Figure 6A), suggesting
that particle size and accessibility could be one of the
important factors playing a role in controlling RCF yields.

Thus, processes that employ a pretreatment step might be
better suited to treating larger particles, especially for low-
accessibility substrates. However, both economic and sustain-
ability factors would need to be considered before any
definitive assessment, which is beyond the scope of this study.
As endocarp biomass covers a large range of G/(S+G)

ratios, which we measure indirectly through our product
distribution, we explored the relationship between this ratio
and the depolymerization yields on a Klason lignin basis
(Figure 6B). A higher guaiacyl content in the lignin
consistently led to a lower molar depolymerization yields. In
past work, it was argued that this resulted from increased
formation of recalcitrant C−C bonds during lignin biosyn-
thesis stemming from the reduced aromatic methoxylation of
guaiacyl subunits as compared to syringyl subunits.1 Never-
theless, a recent study42 showed that additional factors beyond
monomeric composition influence monomer yields, such as
monomer transport during lignin synthesis in the plant, and
therefore, the correlation we observe here may be a proxy for
another causal effect, especially considering the uncertainty in
Klason lignin measurements for endocarps. A comparison of
the results plotted with respect Klason lignin contents obtained
with and without a chloroform extraction is also provided in
the Figure S3, but both show the same trends.

■ CONCLUSION
We have demonstrated the significant potential of endocarp
biomass feedstocks for renewable aromatic production due to
their high lignin content compared to wood. While near-
maximum yields can be achieved with RCF when using ball-
milled feedstocks, the low lignin accessibility in shells and
kernels prevents efficient extraction when using larger particles.
Due to acid-mediated biomass deconstruction and efficient
diffusion of the protecting agent into the inner biomass
structure, hydrogenolysis yields obtained with AAF-isolated
lignin were much less particle size sensitive. As a result, near
maximum yields could be obtained with industry-relevant
particles sizes. In light of these results, endocarp biomass
deconstructed with AAF could constitute an attractive
biorefinery scheme, especially considering the low price, low
water content, and availability of this feedstock.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03360.

Yield and porosity data, sensitivity analysis to catalyst
loading for RCF, influence of chloroform extraction on
klason lignin measurement, solvent comparison for the
RCF of biomass, detailed experimental procedures for
RCF and AAF and isolated lignin hydrogenolysis,
chemicals and materials, yield calculation methods, and
biomass characterization procedures (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Jeremy S. Luterbacher − Laboratory of Sustainable and
Catalytic Processing, Institute of Chemical Sciences and
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Florent Heŕoguel − Laboratory of Sustainable and Catalytic
Processing, Institute of Chemical Sciences and Engineering, École
Polytechnique Fed́eŕale de Lausanne (EPFL), 1025 Lausanne,
Switzerland; orcid.org/0000-0003-2210-7119

Chloe ́ Wegmann − Laboratory of Sustainable and Catalytic
Processing, Institute of Chemical Sciences and Engineering, École
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Polytechnique Fed́eŕale de Lausanne (EPFL), 1025 Lausanne,
Switzerland; orcid.org/0000-0001-5544-6868

Raymond Buser − Laboratory of Sustainable and Catalytic
Processing, Institute of Chemical Sciences and Engineering, École
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