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ABSTRACT: Lignin holds the key for maximizing value
extraction from lignocellulosic biomass. This is currently hindered
by the application of fractionation methods that signi�cantly alter
the lignin structure to give highly recalcitrant materials. For this
reason, it can be highly bene�cial to use less-severe fractionation
conditions that allow for e�cient extraction of lignin with
retention of the �-aryl ether (�-O-4) content. Here, we present
a detailed study on mild alcohol-based organosolv fractionation
with the aim of understanding how to achieve a balance between
e�ciency of lignin extraction and the structure of the resulting
lignin polymers, using walnut shells as model biomass. Monitoring
di�erent extraction conditions reveals how the structure of the
extracted lignin changes depending on the extraction conditions in
terms of molecular weight, alcohol incorporation, and H/G/S ratios. Moving from ethanol to n-pentanol, it was revealed that, in
particular, alcohol incorporation at the benzylic �-position of �-aryl ether units not only plays a key role in protecting the �-O-4
linking motif but more importantly increases the solubility of larger lignin fragments under extraction conditions. This study shows
that �-substitution already occurs prior to extraction and is essential for reaching improved extraction e�ciencies. Furthermore, �-
substitution with not only bulky secondary alcohols and tertiary alcohols but also chloride was revealed for the �rst time and the
latter could be involved in facilitating �-alkoxylation. Overall, this study demonstrates how by tuning the fractionation setup and
conditions, the resulting lignin characteristics can be in�uenced and potentially tailored to suit downstream demands.
KEYWORDS: lignin, mild organosolv extraction, benzylic alkoxylation, �-O-4 retention, solvent e�ects

� INTRODUCTION
In order to realize the implementation of biomass as a
renewable feedstock for the chemical industry, e�cient
resource utilization as well as maximum value extraction are
essential.1�3 This is particularly important for lignocellulose as
around 30% of its main constituents, in the form of lignin, is
typically burned as a low-value fuel.4 Therefore, new high-value
applications for lignin from lignocellulose are sought. As an
aromatic biopolymer, the production of aromatic platform
chemicals from lignin is the preferred route.5�8 Currently, two
main approaches are being pursued (Figure 1). The �rst
approach is the valorization of waste streams of existing
lignocellulose biore�neries such as kraft lignin produced in
paper mills. Although depolymerization of these technical
lignins is possible, it typically requires harsh conditions that
result in a complex mixture of products.9�11 This limitation is
the result of the severe processing conditions applied during
fractionation, which leads to a lignin with a complex,
condensed C�C bonded chemical structure, thus hindering
selective depolymerization into selected aromatic monomers.
The second approach is to avoid condensation reactions and

address lignin depolymerization at an early stage of the
lignocellulose conversion process, often termed lignin-�rst or
early-stage lignin biore�ning.12�14 This can be achieved by
either performing the fractionation under mild conditions to
obtain lignins with a more native-like C�O bonded structure
by preserving the �-aryl ether units15 or by integrating the
depolymerization into the fractionation process.16�18 An
example of the latter is the application of reductive
fractionation to extract and depolymerize lignin into speci�c
alkyl-phenolics in high yield.19�28 Reductive depolymerization
is only one of many selective lignin depolymerization methods
and yields a speci�c selection of phenolic products.18,29�34 For
the implementation of higher value lignin products in a
biore�nery scheme, a more diverse chemical platform is
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desired.24 There are many other elegant depolymerization
methods that cannot be implemented during fractionation, but
rather require isolated lignins.7 Most selective depolymeriza-
tion methodologies developed focus on lignin �-aryl ether
units, which are the main C�O bonded linking motif in native
lignin. Their retention in the extracted lignin structure is thus
essential.35�38

Many methods have been developed to extract high �-O-4
lignin. One of these is mild organosolv extraction, which is
contrasted by technical organosolv extraction by the
application of lower temperatures (<150 °C). When alcohols
are used, with ethanol (EtOH) in particular being very
popular, this process typically yields clean lignins with excellent
retention of the high �-aryl ether content, and contains very
low carbohydrate, ash, and other nonlignin-derived impur-
ities.36,37,39 It has been shown that when alcohol solvents are
used, they can be incorporated in the �-aryl ether units via �-
alkoxylation, resulting in the ��-O-4 motif (Figures 1 and
S6).36 Alcohol incorporation is believed to be important as it
traps reactive benzylic cations formed under acidic pretreat-
ment conditions, especially when higher acid concentrations
are applied, and thereby preventing undesired condensation
reactions.36 However, currently, there is limited understanding
of the intricate relationship between the extraction solvent
incorporation and the characteristics of the obtained lignin.
The studies that do focus on the in�uence of the organosolv
conditions on the lignin characteristics mainly consider the
in�uence of time, catalyst, and temperature on the degree of
deligni�cation and enzymatic digestibility of the remaining
cellulose.40�49 The property of the obtained lignin that is
consistently reported is the average molecular weight (MW),
which decreases with increasing temperature. However, the
processing conditions do have an in�uence not only on the
MW but also on the chemical structure of the extracted

fraction of the lignin. Important parameters for further
application of lignin are, for example, the number of linking
motifs, aliphatic and phenolic �OH content, and H/G/S ratio
of the obtained lignin. A measure for the harshness of the
extraction, which takes extraction time, temperature, and
acidity into consideration, is the severity factor.50 This factor is
often used to quantify the e�ect of extraction conditions on the
quality of the obtained cellulose �bers51 as well as the
deligni�cation and purity of the obtained lignin.52 However,
most of the extraction methods to which this parameter has
been applied are in the range of 150�230 °C, which
corresponds to an extraction severity factor in the range of
0.5�3.0, assuming a 1 h extraction time and a mildly acidic
extraction mixture at pH 2.5. Recent studies using alcohols and
relatively mild conditions (80�160 °C) did show that there are
some marked changes to the lignin associated with extraction
time and the extraction solvent composition. However, these
cannot be directly related to the severity factor.36,39,53�55 For
example, clear di�erences in lignin yield, S/G/H ratio, and
MW can be seen in lignin fractions collected at di�erent
extraction times. These results are not always consistent as
under some conditions an increase of more than twofold in the
lignin MW was reported, whereas in other studies the MW was
reported to decrease in conjunction with an increase in
phenolic groups and thus possible degradation. In general
though, milder fractionation conditions result in lignin
fragments with a higher MW. Bauer et al.39 studied the e�ect
of mild ethanosolv extraction (80 °C, extraction severity factor
of 0.8) on the lignin properties, including the distribution of
linking motifs under re�ux conditions. An increase in ��-O-4
units, together with a slight increase in the MW, was reported
when using higher EtOH concentrations as well as longer
reaction times. We recently reported that lignins suitable for
selective depolymerization should be extracted in the range of

Figure 1. In�uence of the fractionation conditions on the structural composition of the obtained lignin and possibilities for further
depolymerization.
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