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In-depth structural analysis of biorefined lignin is imperative to understand its physicochemical properties,
essential for its efficient valorization to renewable materials and chemicals. Up to now, research on
Reductive Catalytic Fractionation (RCF) of lignocellulose biomass, an emerging biorefinery technology,
has strongly focused on the formation, separation and quantitative analysis of the abundant lignin-
derived phenolic monomers. However, detailed structural information on the linkages in RCF lignin
oligomers, constituting up to 50 wt% of RCF lignin, and their quantification, is currently lacking. This
study discloses new detailed insights into the pine wood RCF lignin oil's molecular structure through the
combination of fractionation and systematic analysis, resulting in the first assignment of the major RCF-
derived structural units in the *H-C HSQC NMR spectrum of the RCF oligomers. Specifically, B-5 y-
OH, B-5 ethyl, B-1 y-OH, B-1 ethyl, B-B 2x y-OH, B-p THF, and 5-5 inter-unit linkages were assigned
unambiguously, resulting in the quantification of over 80% of the lignin inter-unit linkages and end-units.
Detailed inspection of the native lignin inter-unit linkages and their conversion reveals the occurring
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Accepted 25th September 2020 hydrogenolysis chemistry and the unambiguous proof of absence of lignin fragment condensation
during proper RCF processing. Overall, the study offers an advanced analytical toolbox for future RCF
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Introduction

Recent studies have shown that lignocellulosic biomass (e.g.
wood, agricultural and forestry residues, and grasses) holds
enormous potential for the sustainable production of chemicals
and fuels."” Given its complex structure of intertwined cellu-
lose, hemicellulose and lignin biopolymers, lignocellulose is
fractionated in a biorefinery prior to further downstream pro-
cessing of each intermediate fraction into marketable end
products, such as sugar- or lignin-derived chemicals (e.g
phenol,”® terephthalic acid® and 5-HMF*) or fuels (e.g. bio-
ethanol,™ light bionaptha®'?), paper, or other materials.*>***

One of the foremost biorefinery challenges is the simulta-
neous valorization of these three biopolymers, given the reactive
nature of these biopolymers in various (i.e. acidic or alkaline)
biorefinery conditions. Besides hemicellulose due to humifica-
tion,'"” lignin is one of the most challenging lignocellulosic
constituents.>>'®
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Lignin is considered to be a structurally complex amor-
phous, aromatic polymer formed by radical polymerization of
a set of oxygenated phenolic monomers in the plant cell wall.
This polymerization - predominantly endwise - eventually
produces a racemic polymer with different types of inter-
phenolic linkages.”®>* The B-O-4 ether inter-unit linkage is
most abundant (40-80%). Other ether linkages originating from
lignification are 4-O-5 and «-O-4, a-O-y, and a-O-a, the latter
three ether linkages always occurring in combination with
a more resilient C-C inter-unit bond in the native lignin.>** The
most common C-C inter-unit structures are phenylcoumaran
(B-5, a-O-4), resinol (B-B, 2x a-O-y), dibenzodioxocin (5-5, B-O-4,
a-0-4) and spirodienone (B-1, a-O-a).*°

In commercial biorefining processes, like the pulp and paper
industry, the C-O linkages are broken in harsh acidic or alka-
line conditions, leaving reactive lignin-derived intermediates
prone to irreversible C-C condensation. This results in recalci-
trant, high molecular weight lignin products,>**** thus
hampering the exploitation of lignin as a platform towards high
value chemical products. Avoiding this condensation is of
pivotal importance in novel biorefinery schemes.”* In this
respect, lignin-first approaches are currently under develop-
ment, focusing primarily on the valorisation of lignin.***” One
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particular lignin-first refining technology, Reductive Catalytic
Fractionation (RCF), has emerged notably in recent years.>**®

RCF targets a maximum carbon efficiency, by focusing
primarily on lignin extraction, leaving most of the carbohy-
drates unaltered, mainly as pulp. In this biorefinery process,
lignin is solvolytically extracted from its lignocellulosic matrix
and the inter-unit ether linkages are being broken, generating
reactive phenolic intermediates, in which the side-chains are
stabilized upon reduction chemistry, creating less reactive
groups to avoid irreversible C-C condensation.?®>* In a typical
RCF process, biomass is contacted with a polar, protic solvent
(e.g. MeOH,*****4 EtOH/H,0,*™** iPrOH/H,0**"), a heteroge-
neous redox catalyst (e.g. Pd/C,**3>*>485° Ru/C,***' Ni on various
supports®>**32374%52)  and a hydrogen source at -elevated
temperatures (200-250 °C). Afterwards, a highly depolymerized
lignin oil is obtained with phenolic monomers (in close to
theoretical yield based on ether interlinkages, up to 60 wt%),
dimers and short oligomers.***>*

In fact, the analysis of similar hydrogenolysis oils has been
used to elucidate lignin's in planta structure since the 1940s.%*%¢
Although RCF is now being developed as a biorefining strategy,
its use as powerful tool for the structural analysis of native
lignin is gradually revisited.**”"* Current characterization
efforts of the RCF lignin oil are mainly focusing on the quan-
tification of the lignin derived monomers, as well as on the
identification of some phenolic dimers.*"**** However, the
chemical structure of the RCF lignin oligomers, at least 40% of
the lignin oil content, remains largely unexplored. Detailed
knowledge of the different functionalities, inter-phenolic link-
ages, as well as the molecular weight-functionality relationship,
is important with regard to the unravelling of the RCF chemistry
and to the future valorisation of RCF lignin oligomers to end
products and materials. For instance, for technical Kraft lignin
oligomer fractions, it was recently proven that the molecular
weight impacts the number of phenolics and inter-unit linkages
present per lignin molecule, influencing the properties of the
resulting epoxy thermoset.®

The structural understanding of close to native lignin such
as Milled Wood Lignin (MWL) and Cellulolytic Enzyme Lignin
(CEL) has been greatly advanced thanks to the development and
application of 'H-"C 2D heteronuclear single quantum
coherence spectroscopy (HSQC) NMR.®* This powerful tech-
nique enables qualification and semi-quantification of most
structural inter-unit linkages in in planta lignin. In analogy,
recent use of this 2D HSQC NMR on technical lignin (e.g. Kraft
or Organosolv) is gradually improving the understanding of
their molecular structure,'®**%~% especially in a combinatorial
approach together with sequential separation steps® and/or
model compound studies.®**® For example, Bruijnincx and
Lancefield et al. successfully applied this strategy to analyse
Kraft lignin.*® They showed the conversion of native C-C lignin
linkages to Kraft analogue structures, and reported the assign-
ment of up to 45% of the Kraft lignin structure.

Few 2D HSQC NMR studies reveal the effective cleavage of
native C-O inter-unit linkages in lignin-first lignin o0il.3*3%3*
Despite these studies, there is only little information available
about the fate of the native inter-unit C-C linkages after RCF
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processing. Encouraged by the recent results on technical
(Kraft) lignin, this study aims to elucidate all main lignin inter-
unit linkages in the lignin oil after the RCF processing of pine
wood. Hereto, a variety of analytical techniques (2D HSQC NMR,
GC-FID, GC-MS, *'P-NMR and GPC) were used both on crude
lignin oil and liquid-liquid extracted fractions thereof, leading
to the assignment of more than 80% of structural units in the
RCF lignin oil.

Results and discussion

In this study, pine wood was processed under benchmark RCF
conditions at the 2 L scale. Pine wood, a common feedstock in
lignocellulose biorefineries, was chosen because it is rich in
guaiacyl units, entailing a higher, less complicated dimer and
oligomer content after RCF processing, which is advantageous
for this study. Therefore, 150 g of pine sawdust, 15 g of Pd/C
(5 wt% Pd) and 800 mL methanol were added to a 2 L Parr
batch reactor. The mixture was pressurized with hydrogen (30
bar at room temperature), stirred at 600 rpm and heated to
235 °C for a reaction time of 3 h. After cooling, filtration and
DCM-water extraction; a stable, low molecular weight lignin oil
(M,, 664 g mol ™", F,;) was obtained, representing 49 wt% of the
Klason lignin content. Effective depolymerization is evidenced
by the high content (34 wt%) of phenolic monomers in the
resulting oil, corresponding to 16.7 wt% of phenolic monomers
relative to the Klason lignin content. Within this monomer
fraction, a high selectivity of 84% to 4-propanolguaiacol is
observed (Fig. 1A, F;), which is consistent with literature.***
Other monomers such as 4-propylguaiacol and 4-(3-methox-
ypropyl)guaiacol are also observed in lower concentration.
Furthermore, the RCF lignin's GPC profile shows a low
molecular weight oil (Fig. 2, F,;). In spite of the low molecular
weight, its composition is heterogeneous containing a large
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Fig.1 Guaiacyl-monomer content (coloured bars), determined by GC
analysis. Different colours represent different guaiacyl monomer
types, characterized by different functional groups as shown in the
legend. (A) Monomer content as weight percentage relative to the
weight of the original oil (F;) and the monomeric mass balance (Fq;
mb) Which is constructed by multiplying the monomer content in each
fraction (B) by its corresponding weight percentage. (B) Monomer
content as weight percentage in the different fractions (F,), as well as
the weight percentage of each fraction relative to the crude oil (Fy).
More detailed information is available in Table S3.
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Fig. 2 GPC profiles of the obtained RCF oil (F.;) and the six fractions
(Frio0—Fea100)-

variety of phenolic dimers and oligomers, which complicates
molecular structure analysis. Given this compositional
complexity, the pine RCF lignin oil was first fractionated using
a sequential solvent fractionation with a binary solvent mixture
of heptane and ethyl acetate before further analysis. The
mixture's polarity was sequentially altered by systematically
increasing the ethyl acetate fraction by 20 volume% and
decreasing the heptane fraction by 20 volume% (Fig. S1, Table
S1, see ESIT for additional information). This sequential binary
solvent fractionation resulted in six different fractions: Fi100
(100 vol% heptane/0 vol% ethyl acetate), Fiyg (80 vol% heptane/
20 vol% ethyl acetate), and analogously Fieo, Fiia0, Frzo and
Fea100- The obtained fractions were used for the subsequent
analyses.

GC analysis

The sequential fractionation resulted in the enrichment of
monomers in the first three fractions (Fii00, Frso, and Fieo),
compared to the RCF oil (Fig. 1B). Phenolic monomers account
for 45 wt% of the heptane soluble fraction (Fy100), containing
primarily apolar monomers such as 4-propylguaiacol and 4-(3-
methoxypropyl)guaiacol, whilst only 2.5% of 4-prop-
anolguaiacol of the entire lignin oil is found in this fraction.
Clearly, heptane is not a suitable solvent to extract and solubi-
lize 4-propanolguaiacol from the lignin oil.

4-Propanolguaiacol is the main lignin compound in frac-
tions Fygo and Fyeo (approximately 50 wt% in both fractions),
for which respectively 20% and 40% ethyl acetate in heptane
was used as extraction solvent. Thus, a slight increase in the
solvent mixture's polarity significantly enhances 4-prop-
anolguaiacol's solubility. Fraction Fyy, still contains a small
fraction of monomers, whereas fraction Fy,, and Fgaqi00 are
monomer-free. Notably, as measure of reliability, the accumu-
lated calculated mass balance of the monomers over each
individual fraction (Fig. 1A, Fui mp) is nearly identical to that of
the analysed crude RCF oil (Fyy).
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In addition to monomers, also dimers can be studied by GC
(preferably after derivatization). It has already been reported
that almost all inter-unit ether linkages in RCF lignin dimers
are cleaved during RCF processing, whereas the C-C inter-unit
linkages are expected to remain intact.********% Indeed,
a handful of dimers linked with C-C linkages (B-5, B-1, B-B, 5-5)
are observed in the RCF lignin oil (Scheme 1). However, varia-
tions in these B-5, B-1 and B-p RCF dimers exist by having
different substitutions of the inter-unit linkage. For example,
dimers linked with an ethyl bridge (B-5 and B-1) can be either
unsubstituted or substituted by a hydroxymethyl substituent
(Scheme 1). Variations in B-5 and 5-5 dimers are present by
alteration of the aliphatic end-unit. These variations in the end-
unit are similar to the observed alkyl chains in RCF monomers.
Differences in the distribution of these dimers within the six
fractions are illustrated in Fig. S4-S6.f Dimers with two
phenolic OH-functionalities and no aliphatic OH-
functionalities are found mainly in the most apolar fractions,
Fu100 and Fygo, whereas dimers with 1 or 2 additional aliphatic
OH-functionalities, i.e. 3 or 4 OH's in total, are extracted
selectively into the more polar solvents (Fig. S6T).

GPC analysis

The number average molecular weights (M,,) of the six fractions
show a consistent increase between 168 and 1239 g mol " with
increasing amounts of ethyl acetate in the binary extraction
solvent mixture (Table 1). This effect can be attributed to the
increasing polarity of the solvent, since higher molecular weight
lignin fragments contain more OH functionalities per molecule,
resulting in a higher polarity (Fig. S31). Notably, the fraction
with the highest molecular weight (Fga100) is solely composed of
oligomers, implying that all monomers and dimers can be
removed through extraction (Fig. 2). Moreover, all fractions are
more homogeneous regarding their molecular weight
compared to the crude oil, as evidenced by the significantly
lower dispersity indices, viz. between 1.19 and 1.37, compared
to 1.57 for the original crude lignin oil (F,;). Interestingly, as
a measure of reliability, the mass balanced GPC profile, wherein
the normalized GPC profile of each fraction is multiplied by
their respective weight percentage, is almost identical to the
GPC profile of the crude RCF oil (F,;) (Fig. S27).

Assignment of 2D HSQC NMR spectrum

In contrast to GC for monomers and (to a lesser extent) dimers,
2D HSQC is the technique par excellence for analysing the

Scheme 1 Structure of main dimers in RCF lignin oil of pine wood.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Mass distribution and molecular weight of the obtained RCF oil (F;) and the six fractions (Fi100-Featoo)

Fri00 Fuso Fueo Frao Frao Fea100 Foir
Wt% in fraction 10.7 14.8 33.9 23.9 12.7 4.0
M, (g mol™) 168 221 281 468 762 1239 420
M,, (g mol™) 203 264 349 584 931 1771 667
DI 1.21 1.19 1.24 1.25 1.22 1.37 1.59

chemical structure of the entire lignin oil. However, many of the
RCF C-C linkages, observed via GC-MS in dimers, are currently
not assigned in the 2D HSQC NMR spectrum of RCF lignin.
Based on literature research, we collected the chemical shifts of
the '"H and "*C NMR spectra of the observed RCF inter-unit
linkages in the dimers. However, these reported chemical
shifts were measured in a variety of deuterated solvents (Table
S47). Since the NMR solvent can have a major impact on the
chemical shifts, all inter-unit linkages have to be assigned in
a single deuterated solvent.” To assign these chemical shifts,
a high concentration of one specific inter-unit linkage is
required. Remarkably, in some fractions the concentration of
specific dimers and thus of certain inter-unit linkages is already
relatively high (Fig. S51). To enable the inevitable assignment of
the chemical shifts, column chromatography was applied on
selected fractions (Figo and Fyy40) to obtain fractions enriched in
dimers with a -5 y-OH, B-1 y-OH, B-p 2x y-OH, B-5 ethyl, B-1
ethyl, B-p THF, and 5-5 inter-unit linkage, as evidenced by their
GC and GC-MS (ESI Section 47).

Subsequently, the 2D HSQC NMR spectra of these concen-
trated dimers were measured in DMSO-d¢. Comparison to
literature data revealed small shifts of the chemical shifts due to
the use of different NMR solvents (Table S47). Afterwards, these
spectra were compared to the 2D HSQC NMR spectra of the RCF
lignin oil and the dimer-free Fra100 fraction, as a representative
mixture of the RCF lignin oligomers (free of monomers and
dimers) (Fig. S7-S141). The 2D HSQC NMR spectra of the RCF
lignin oil is presented in Fig. 3. Note that this approach results,
to the best of our knowledge, in the first assignment of most, if
not all, major RCF lignin structures in 2D HSQC NMR. Specif-
ically, B-5 y-OH, B-1 y-OH, B-B 2x y-OH, B-5 ethyl, B-1 ethyl, B-
B THF, and 5-5 inter-unit linkages are assigned unambiguously
now for the first time in the NMR spectrum of RCF lignin oil. We
expected to assign B-5 propyl and B-1 propyl inter-unit linkages
as well, but this was not possible due to their very low abun-
dance and the inherent moderate detection limit of NMR. More
importantly, the assignments (derived originally here from the
dimer structures) are also applicable to the structural motifs in
RCF oligomers, evidenced by the appearance of identical
chemical shifts in the essentially mono- and dimer-free Fgai00
fraction. This observation proves the structural similarity
between dimers and oligomers, and thus indicates that they
were subject of the same chemical transformations during RCF
processing.

Furthermore, a low B-O-4 content is found in Fgaqq0, indi-
cating their effective cleavage to aliphatic end-units. These end-
units have the same aliphatic structure compared to those
observed in the monomers (by GC). The assignment of these

This journal is © The Royal Society of Chemistry 2020

end-units in the monomers (such as 4-propanol, 4-propyl, 4-
ethyl, 4-(3-methoxypropyl), 4-methyl and 4-propenol) has been
described previously, but presence of these structures in the
RCF lignin oligomers was not be unambiguously demonstrated
until now.

Relative quantification via 2D HSQC NMR

Quantification of lignin inter-unit linkages has been frequently
done via "*C and 2D HSQC NMR.”* However, such a quantitative
assessment has never been performed on thoroughly charac-
terized RCF lignin oil. 2D HSQC NMR is often the preferred
NMR method due to a reduced measuring time and a superior
resolution, effectively separating several overlapping cross-
peaks in the ">*C NMR spectrum. Unfortunately, quantification
by 2D HSQC NMR has its associated errors. Firstly, the inter-
unit linkage quantification is typically expressed relative to
a defined lignin cross peak, serving as the internal standard.
This internal standard is often the methoxy region or a part of
the aromatic region, enabling the inter-unit linkage quantifi-
cation relative to the number of aromatic units, which are set to
100.”* Here, we chose to use the aromatic G, area as internal
standard, since it is the most common method for softwood
lignin.”* Since this integration method can introduce errors,
they need verification, as is done here in this study. Other
associated deviations of a 2D HSQC experiment are due to
processing errors,* differences in amongst others T; and T,
relaxation rates, and differences in coupling constants.*>*%"7>
Techniques such as HSQC, have been developed to reduce some
of these negative effects. Although promising, these methods
are still not fully quantitative, as proven for some lignin
dimers,*® whilst the measuring time is increased fourfold.
Therefore, we chose to measure the HSQC spectra with the
standard pulse sequence (hsqcetgpsp.3), proven to have
acceptable errors compared to the HSQC, experiment®® and to
minimise other possible deviations and time consumption. In
order to reduce the processing deviations, the spectra were
processed and integrated in triplicate. Furthermore, the quan-
titative character was validated by comparing the 2D HSQC
results with quantitative ">*C NMR analysis, for which we have
selected three of our fractions, viz. Foi1, Frigo and Fgaigo, having
varying molecular weight (Fig. S22, Table S7t). We found an
underestimation of 3.4-7.6% for linkage abundance by using
the G, signal as relative internal standard for the amount of
aromatic units in RCF lignin. In addition, the G, integrals had
only slightly higher values compared to that of the methoxy-
region. Accordingly, at least for our case, the G, area is
considered as a reliable internal standard. A next validation

Chem. Sci., 2020, 1, 1498-11508 | 11501
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Fig. 3 Assignment of the 2D HSQC NMR spectrum of the crude pine RCF oil. The figure links the native inter-unit linkages (green background)
with their corresponding RCF products during reductive catalytic fractionation of the wood (for conditions, see Experimental in ESIT). Fig. S7-S14

(provided in the ESIY) reveal all details to support the assignments. ®
more information can be found in Tables S5 and S6.1

effort compared the relative integrals of some well resolved
shifts in the quantitative "*C NMR spectra to their 2D HSQC
NMR counterpart (Table S8t). No relative differences larger
than 20%, most of them even smaller than 10%, were found in
this assessment. Often the '*C spectra gave slightly higher
values, which can be partly attributed to signal overlapping. In
general, the above results lead to the conclusion that the asso-
ciated errors of a semi-quantitative evaluation of the RCF 2D
HSQC spectrum are in an acceptable range.

The 2D HSQC analysis of the fractions shows clear fraction
dependent trends of the structural motifs (Fig. 4 and S15-S197),
as expected from the GC analyses of the monomers and dimers.

1502 | Chem. Sci, 2020, 1, 11498-11508

Relative quantification vs. G, area, the spectra were processed in triplicate,

These structural motifs (Fig. 3) can be divided into aliphatic
end-units (see above) and inter-unit linkage groups, which are
B-5, B-1, B-B, 5-5 and B-O-4. These two different groups and their
relationship to the native lignin inter-unit linkages are dis-
cussed in the next section.

In the crude RCF oil (F,;), 56.4% aliphatic end-units can be
found relative to the amount of aromatics, originating from p-O-
4, dibenzodioxocin, and 4-propenol motives in native lignin.
Within this group, the 4-propanol end-units (P yy-OH) are most
abundant with a selectivity of 85%. Remarkably, when
compiling of the mass balance of all fractions (Fyi mp) @ similar
number of end-units (56.1%) is shown, but the selectivity to P y-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Distribution of several inter-unit linkages and end-units in respect to the number average molecular weight (M,)) of the fractions. (a)
Comparison of the linkage abundance of the total end-units, total sum of B-8, B-1, -5 and B-O-4, and 5-5 as determined by 2D HSQC NMR
relative to the G; area. (b) Comparison of the total B-B, B-1, B-5 and B-O-4 inter-unit (IU) linkages in each fraction to their y-OH substituted and
their non y-OH substituted analogues. (c) Selectivities of B-B, B-1, B-5, B-O-4 and 5-5 inter-unit linkages.

OH is somewhat reduced to 79% (Table S67). Possibly, this is
due to T, relaxation effects, indicating a relatively higher
amount of 4-propanol end-units in the smaller molecules.®>” A
similar relaxation time dependent trend was observed by
Bruijnincx et al. who studied the M,, dependence of stilbene-
units.®® An observable trend over all fractions is the steady
decrease of aliphatic end-units with increasing molecular
weight (Fig. 4a). In Fy100 more 4-(3-methoxypropyl)guaiacol (P -
O-Me) and 4-propyl (P) units are present compared to P y-OH, in
line with the GC results. In all other fractions, the selectivity to P
v-OH is dominant, and declines steadily with increasing
molecular weight to a selectivity of 78% in Fga00 (Fig. S157). The
latter evidences selectivity differences of P y-OH with increasing
molecular weight. Furthermore, native f-O-4 linkages are only
found in small amounts in the two fractions, viz. Fo and Fgai0o
with the highest molecular weight, proving the effective
cleavage of this ether linkage and conversion to end-units due to
RCF processing.

The second group of molecular structures in the RCF lignin
oil are the inter-unit linkages. In total, they account for 25.8% of
the molecular signals, relative to the number of aromatics.

The first group of these inter-unit linkages are -5 linkages.
No native B-5 phenylcoumaran units were found in the crude
RCF lignin oil. This inter-unit linkage is converted completely
by hydrogenolysis to form B-5 y-OH and B-5 (E) RCF analogues.
The analysis shows 7.3% of these non-native -5 units in the
crude oil (F,;) with a slightly higher selectivity to the y-OH
linkage (Fig. 3). More of these two B-5 inter-unit linkages can be
found in the fractions with higher molecular weight in accor-
dance with the higher phenolic content, and thus inter-unit
linkages, per molecule with increasing MW. Interestingly, the
selectivity to B-5 y-OH units is low, viz. 0-30%, in the low
molecular weight fractions and plateaus around 70-80% in the
higher molecular weight fractions.

B-B linkages are the second group of major inter-unit link-
ages. Similarly to native B-5 linkages, no native B-B resinol
structures were found in the RCF oil, suggesting their effective

This journal is © The Royal Society of Chemistry 2020

complete conversion to their B-f 2x y-OH and B-B THF RCF
analogues under the RCF operational conditions. Although not
the focus of this manuscript, their formation is directly related
to the hydrogenolysis chemistry of Pd catalysis in presence of
hydrogen. A total of 4.1% B-f units can be found in the crude oil
(Foi)- The number of B-p linkages clearly increases with
increasing molecular weight. Furthermore, a higher amount of
v-OH substitution is observed at the higher molecular weight
fragments (Fig. S18t). These observations are in line with the
aforementioned explanations for -5 inter-unit linkages.

The third group are the -1 inter-unit linkages, originating
from the spirodienone units in native lignin. After RCF process-
ing, this native inter-unit linkage is absent in the crude lignin oil,
and converted to -1 y-OH and B-1 E. Around 3% of -1 structural
motifs can be found in the RCF oil, with a higher selectivity of
67% to its y-OH analogue (Fig. S17t). A higher amount of y-OH
substitution is observed at the higher molecular weight frag-
ments (Fig. S171), similar to the observations of the B-p and B-5
inter-unit linkage. However, in contrast to these other inter-unit
linkages, the number of B-1 motifs does not change with the
molecular weight. This can be attributed to the condition that
one of the phenolic units in the -1 linkage always has to be
a non-substituted, free phenolic unit, originating from the ketone
of the spirodienone structure in native lignin. As a result, the
relative chance of coupling a B-1 inter-unit linkage with another
C-C linkage during the radical polymerization is lower compared
to the other inter-unit linkages.” Consequently, their relative
abundance in RCF oligomers is lower.

The last group of inter-unit linkages are biphenyl (5-5) units.
They are known to be abundant in softwoods, and are originally
present in the dibenzodioxocin structure. In this pine derived
oil, the content of 5-5 units is 10.9%, in line with literature
reports on structural analysis of the native lignin.”*”® In line
with the bonding strength,’® these original 5-5 units thus
survive RCF processing. Not surprisingly, its concentration
profile in function of the molecular weight shows a similar
increasing trend as the B-5 and B-f profile (Fig. 4a).

Chem. Sci., 2020, 11, 1498-11508 | 11503
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Given the 25.8% of assigned inter-unit linkages and 56.4% of
assigned end-units, this results in a total assignment of over
82% of the 2D HSQC spectrum of this crude RCF oil (Fy;). In
contrast, when no catalyst is used, only 26% of the 2D HSQC
spectrum can be assigned (Table S11}). This clearly indicates
the importance of the redox catalyst in steering the selectivity of
this process. Besides, this value is also high in comparison to
the recently reported 45% for technical Kraft lignin, even
though many of its inter-unit linkages and end-units were
assigned.® A large portion of the unaccounted assignments in
Kraft lignin, as well as in the catalyst-free organosolv process, is
due to the C-C re-condensation reactions, occurring after -O-4
cleavage, since a large gap between native B-O-4 linkages and
Kraft-derived structures exist.*® This is in stark contrast to the
stabilized RCF lignin. Given this high value of structural
assignment for crude RCF lignin oil, general structural ration-
alisation may now be possible, with regard to the original lignin
structure and tuning of chemical (e.g. reactivity) and physical
(e.g- theology) properties. The latter remains difficult for cases
where less than half of the structures are known, e.g. in the case
of Kraft lignin.

A proof of concept of the possibility to alter the functionality
of the RCF lignin is demonstrated by comparing the selectivities
of the inter-unit linkages of RCF performed at 195 °C and 235 °C
(Fig. S217). Clearly, the selectivity to OH-substituted inter-unit
linkages is higher at the lower temperature. Further research
with regard to the selectivity control at different reaction
conditions is needed and work in progress.

Correlation of the several inter-unit linkages assigned with
the molecular weight shows interesting trends (Fig. 4). In the
higher molecular weight fractions a considerably higher
amount of y-hydroxyl functionality in the inter-unit linkages of
B-B, B-5 and B-1 is observed (Fig. 4b), compared to the amount of
inter-unit linkages without the y-OH functionality that remains
equal with the molecular weight. At least partially, this can be
attributed to a solubility difference, as is clearly shown in the
dimer analysis. Oligomers with hydroxyl functionalities in their
inter-unit linkage are more polar, impeding the extraction in
less polar solvents. However, chemical reactivity differences of
the y-OH in high molecular weight RCF lignin fragments
cannot be excluded. We speculate that the latter is due to (pore)
diffusional or (surface) coordinative difficulties with the cata-
lyst, due to the more demanding steric effects of the high
molecular weight molecules.

Another important observation is that the amount of 5-5
inter-unit linkages is considerably higher relative to the other
inter-unit linkages in fractions with higher molecular weight
(Fig. 4c). The rationalization of this observation can be found in
the native structure of lignin and their boundary conditions of
inter-unit linkages. On the one hand, the phenols of a 5-5 unit
after RCF will always be non-etherified phenolic due to the
dibenzodioxocin structure, whilst it has two aliphatic chains.
Both aliphatic chains can be C-C linked with a B-5, f-B or -1
linkage to form a trimer. On the other hand, both aliphatic
chains have to be linked with a B-O-4 linkage or contain an end-
unit to form a dimer. As a result, the chance of its incorporation
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in a RCF lignin oligomer is relatively higher compared to other
inter-unit linkages.

31p.NMR

Besides identification and understanding of formation of the
structural motifs in crude RCF lignin, the hydroxyl content is
another important parameter considering its valorisation
potential, as it strongly determines the chemical reactivity and
physical properties. A frequently applied method to determine
the OH-content is phosphorylation of lignin with 2-chloro-
4,45 5-tetramethyl-1,3,2-dioxaphospholane followed by *'P-
NMR spectroscopy. Table S9t summarizes the measurements
of the different fractions.

A total OH content of 9.16 mmol OH g~ ' was found in the
complete crude lignin oil (F,;), of which the phenolic OH
content was found 4.78 mmol OH g " and the aliphatic OH
content 4.29 mmol OH g~ ". All fractions show a high hydroxylic
content above 4 mmol OH g™ * (Fig. 5) except for the pure hexane
Fi00 fraction. Here, a distinctly lower amount of aliphatic OH
can be found (1.14 mmol OH g '). This is in line with the
expectation given the low amount of extracted 4-propanol end-
units during the apolar extraction step with pure heptane, as
previously discussed. Furthermore, the amount of phenolics
per gram oil in Fyy90 is lower compared to the other fractions,
which is most likely due to the presence of significant amounts
of extractives in this fraction. This is supported by a low
observable amount of monomers and dimers (in wt%) and by
a higher amount of methylated carboxylic groups and R-CH,-R
signals that are not lignin-derived, relative to the other fractions
(Fig. S20%).

A general trend is the increase of 5-substituted guaiacyl units
with higher molecular weight, while the unsubstituted phenolic
units decrease (Fig. S241). This result is as expected, since the
observed amount of B-5 and 5-5 substitution determined by *'P-
NMR and 2D HSQC NMR correlates well, confirming the validity
of both complementary analyses (Fig. S247).

Moreover, the amount of phenolic OH decreases slightly in
the higher molecular weight fractions, which can be attributed

-
~

Unsubstituted G~ O 5-substituted G O Aliphatic OH

=
15

S
,
N

OH content (mmol gt
o 00
1
]

Fea00 Foi

Fii100 Fugo Fiio Fhao Fiizo

Fig. 5 Hydroxyl group content of all fractions and the RCF oil (Fy;)
quantified by 3Ip_.NMR and expressed as mmol per gram oil.
Measurements were performed in triplicate. Unsubstituted G are
guaiacyl units without substitution at position 5 of the aromatic ring, 5-
substituted G is the sum of B-5, 5-5 and 4-O-5 substitution on the
aromatic G ring. More detailed information on *!P-NMR can be found
in Table S9.t
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to the presence of small amounts of unreacted p-O-4 and 4-O-5
and units (Fig. S267). After RCF processing, these 4-O-5 units are
present in 2.7% relative to the number of phenols in the crude
lignin oil. This number clearly increases with increasing
molecular weight to 9.2% in Fgai9o (Fig. S251). These 4-O-5
inter-unit linkages are not included in the "H-"*C HSQC NMR
analysis, since there was no unambiguously assignment of
them in the aromatic area of the NMR spectrum.

Structural relation to native lignin

Hydrogenolysis of lignocellulose has been used to produce
lignin-derived products valuable to gain more structural insight
in the structure of native lignin. For instance, by studying the
obtained monomers and dimers, particularly in old literature
with notice of a recent revival, successful genetic lignin engi-
neering can be proven.*"****57% Furthermore, the existence of
a relationship between the B-O-4 content of lignin and the
amount of monomers obtained after the catalytic hydro-
genolysis in the RCF step has been frequently postu-
lated,>****77®  obtaining similar results as by applying
thioacidolysis.**® Given the extended structural insight and
toolbox generated in this work, we revisited the catalytic
hydrogenolysis (under RCF conditions) as an analytical tool by
comparing the molecular structures found in Milled Wood
Lignin (MWL) and the molecular structures in crude RCF lignin
oil. The results of this comparison are illustrated in Table 2.
MWL was obtained from the same pine as used to produce
the RCF lignin oil, representing 21 wt% of the Klason lignin
content. Since the degree of delignification between MWL
(21 wt%) and RCF (49 wt%) differs considerably, care has to be
taken to compare the lignins, since the composition of the
extracted lignin might differ.”” Since RCF operates at a higher
delignification, the resulting lignin oil is thus more represen-
tative for the entire, native lignin fraction. The structural motifs
present in MWL that can be expected to result in RCF end-units,
viz. B-O-4, 4-propenal, 4-propenol, 4-propanol and dibenzo-
dioxocin, amount to 58.4%. In comparison, the amount of
aliphatic end-units present in the RCF oil equals 56.7%, sug-
gesting a near-quantitative conversion of these structural native
lignin units to their RCF analogues. This is in accordance with
negligible C-C condensation during RCF involving the lignin

Table 2 Integration results of 2D HSQC NMR of MWL lignin, the crude
RCF oil and the mass balanced RCF oil

MWL%?4 RCF oil®““? RCF 0ilpp®?
0O-4 (A)/end-units 58.4 56.7 56.4
(B) 8.7 7.3 7.5
-8 (C) 3.9 41 43
-5 (D) 5.2 10.9 10.4
-1 (F) 1.3 3.2 2.9

“ Detailed results of specific structural units are shown in Table S12.

b The structural MWL units are shown in Fig. S28. ° The structural
RCF units are shown in Fig. 3. ¢ The semi-quantification is relative to
the G, area of the corresponding spectra and expressed as per 100 G,
units.

This journal is © The Royal Society of Chemistry 2020
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side chains. A similar comparison can be constructed for -5
and B-B units, which have less than 16% relative mass balance
variations between MWL and RCF oil. At first sight, the diben-
zodioxocin mass balance seems less consistent with the RCF
results. However, 2 aromatic guaiacyl units are connected in 1
dibenzodioxocin structure, giving a theoretical total of 10.4
guaiacyl units with a 5-5 inter-unit linkage from MWL. This
number is similar to the analysed amounts after the RCF wood
processing step (10.9%). Despite the differences in delignifica-
tion between RCF lignin and MWL, the above observations
clearly highlight the applicability of RCF as an analytical tool for
structural analysis of lignin by using now the extended toolbox
of assignments disclosed herein. The analysis now goes
significantly beyond the study of only monomers and dimers, as
initiated by a.o. Hibbert, Pepper and Sakakibara,® as it enables
also a representative study of (almost all) the lignin inter-unit
linkages of the entire lignin oil, hereby extracting indispens-
able molecular structural information, not shown as complete
as before.

Conclusion

Structural details of lignin derived intermediate products,
produced in lignin-first biorefineries, is imperative to achieve
their successful and efficient valorisation in end user applica-
tions. In this contribution a thorough structural elucidation of
RCF lignin oil was conducted by combining solvent fraction-
ation and a variety of chromatographic (GC, GC-MS, GPC and
chromatographic separations) and spectroscopic (various one
and two D NMR) analysis techniques. This led to an unprece-
dented understanding, in particular of the before largely
unknown molecular structure of the oligomeric RCF lignin
components. The study delivers, to the best of our knowledge,
the first assignment of novel (unnatural) B-5 y-OH, B-1 y-OH, B-
B 2x y-OH, B-5 ethyl, B-1 ethyl, B-3 THF and 5-5 inter-unit
linkages in the 2D HSQC NMR spectrum of the RCF lignin oil.
We demonstrate for a typical RCF softwood lignin (pine) that
more than 80% of its structural linkages can now be assigned
unambiguously. Furthermore, a comprehensive analysis of the
different RCF lignin fractions revealed that almost no C-C
condensation occurs and indicated the existence of a fraction-
dependent linkage abundance. Based on these results, more
dedicated research into the differences in selectivity of the inter-
unit linkages and the role of catalysis is needed. Such further
research could also help to determine the quantity of specific
oligomers, effectively helping to close the mass balance.

A comparison of MWL and RCF lignin showed that most of
the MWL inter-unit linkages, representing original native
lignin, are converted to a select set of RCF analogues, limiting
the structural complexity of the RCF lignin product stream. To
improve the insights gained from this study, comparable efforts
must be made on RCF lignins derived from different feedstock
and process conditions (e.g.,, temperature, catalyst type,
solvent...). Likely, other distributions and few other inter-unit
linkages will be found. Furthermore, novel 2D HSQC NMR
methods can be developed, explored and used to further reduce
the quantitative error on the analysis of RCF lignin. Overall, this
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study will ultimately advance future lignin valorisation efforts
and will enable the search for tailored lignin properties through
tailoring of RCF catalysts, besides optimization of the opera-
tional process conditions.
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