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Abstract

Sitka Spruce (SiS) dominates wood production in Scotland and represents an important
source of wood in the UK. A systematic analysis of the lignin obtained from SiS sawdust using
methano-, ethano-, butano- and isobutano-solv pretreatments was carried out. Detailed
analysis of the resulting lignin using a range of methods (GPC, 3'P after phosphitylation and
HSQC NMR) and assessment of solvent costs enabled a comparison of the 4 pretreatment
methods. The high quality of the lignin obtained reflects its stabilisation through alcohol
incorporation at the a-position of the B-O-4 units. Scale up of the butanosolv pretreatment led
to the controlled synthesis of a selectively oxidised form of the lignin (SiS lignin®%X) on a
relatively large scale. Additional insights into the detailed structure of lignin®% are presented.
It is argued that this interesting, modified biopolymer may have significant potential for
enhanced lignin valorisation.
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Introduction

The Lignin Challenge: As one of the most abundant materials worldwide," lignin has long
been in the spotlight as a potential source of feedstock chemicals and other useful products.?-
0 The view that lignin should be of economic importance has inspired creative and exciting
valorisation strategies. However, lignin’s heterogeneity, tendency to be modified during
extraction, overall structural complexity and our lack of knowledge in terms of its physical-
chemical properties all raise the level of the challenge. These factors (and others) provide a
significant barrier to lignin use. An alternative view is that lignin’s intransigence makes the
overall challenge of figuring out what to do with it more worthwhile, scientifically challenging
and interesting.

There remains a significant component of the lignin community that is interested in isolating
a high quality, useable lignin from plant biomass (we estimated that there are approaching
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100 publications in which the characterisation or use of isolated lignin is reported in the first 4
months of 2025 alone. For some examples see references''-2%). One argument in suppert-of onine
this approach is that it increases the flexibility inherent in future lignin use. For 8Xafhpte! 6H& "¢
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portion of a batch of isolated lignin could be used in materials applications (through
modification of the intact lignin polymer) whilst another portion of the same batch could be
depolymerised to give relatively simple feedstock chemicals, such as 4-propylguaiacol. These
biomass-derived compounds could then be used to prepare biologically active chemicals
(including natural products), surfactants etc.2'-25 Elegant approaches (typically referred to as
lignin-first approaches) focus on an initial lignin depolymerisation step when dealing with plant
biomass and are in the ascendancy in terms of the current thinking on lignin use.?6-3%

Sitka Spruce-derived Lignin: Here, we initially focus on isolating a high-quality lignin using
an organosolv pretreatment. One key aspect of the report is that it focuses on the use of
sawdust from Sitka spruce (Picea sitchensis), a highly abundant and commercially important
softwood in the UK and worldwide. It was estimated that there are approximately 1 million
tonnes of forestry residues available in the UK per annum, comprising roughly softwood and
hardwood in a 9:1 ratio.3¢ These quantities exclude primary timber which is extracted for
construction and paper and board manufacture. Approximately 25% of the 1 million tonnes of
forestry residues corresponds to the brash and stumps. These components are retained in the
forest as they deliver ecosystem services value and are difficult to extract. The remaining 750
kilotonnes is available but underexploited.36-3"

A large proportion of the softwood grown in the UK is Sitka spruce (SiS).3® To date,
there are surprisingly few studies on the isolation, analysis and potential use of Sitka spruce-
derived lignin. In an impressive report, Jarvis et al.?® described the use of an ethanosolv
pretreatment to extract the lignin from SiS but the main focus of their work was not on the
lignin but on the saccharide components of the biomass. Sitka spruce-derived lignins sit at the
centre of our report and aspects of their isolation, stabilisation and modification (potentially en
route to value-added products) are discussed in detail.

Softwood Pretreatments: There are a wide range of options available to those interested in
isolating lignin from plant biomass. The success (or not) of these methods clearly depends on
the solubility of the lignin in the solvent used and on the impact that any lignin modification has
on its overall solubility.*° There is also the concern that any lignin modification that occurs
during extraction is counter-productive, in other words, it is equivalent to lignin degradation.
One class of pretreatment technology involves the use of organic solvents and these methods
are therefore known as organosolv pretreatments.

Organosolv pretreatments are well studied for the extraction and isolation of lignin from
softwoods as they afford lignin that has a near-native structure. Many solvents have been
reported for organosolv preatments,*'-5" including (but certainly not limited to) acetic acid,>-54
acetone,?-%" tetrahydrofuran,®-60 2-methyltetrahydrofuran (Me THF),%'62 1 4-dioxane,%3-%5 and
gamma-valerolactone (GVL).56-68 These pretreatments can give lignins in relatively high yields
with significant retention of the important $-O-4 linkage (to enable subsequent processing).
One of the major drawbacks of these methods that limits scaling up and use in industry is the
inherent acid sensitivity of the native-like lignin structure. In addition, several of these solvents
have toxicity issues or have a high boiling point that makes lignin purification more challenging.
Alkosolv pretreatments, using alcohols as solvents, are a sub-section of organosolv
pretreatments that resolve many of these issues.645%-71 As a result, the use of most of the low
molecular weight alcohols in lignin extraction has been reported (methanol,3'72-7% ethanol,”s-
81 butanol,5282-9° and sec- and tert-butanols and propanols®'-%3). In almost all cases a very
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small portion of the solvent used is incorporated at the a-position of B-O-4 linkages within the
lignin chain. This is an interesting chemical reaction, the thermodynamics and kinetics of whiche onine
are understudied. Introduction of alkoxyl groups at the a-position, however, impr%?/‘ég‘]tﬁé/%%%)oom
stability and solubility of the resulting lignins. In fact, ethanosolv pretreatment of lignin has
been used on a commercial scale previously.®* The use of alkosolv pretreatments for the
delignification of softwoods has been well documented, in particular for Douglas fir biomass.

As discussed above, very few reports on the use of Sitka spruce (SiS) biomass in alkosolv
pretreatments exist with ethanosolv being the exception to date.®® Here, a systematic study
compares a number of different alkosolv pretreatments of Sitka spruce sawdust and discusses
which of the alcoholic solvents may be optimal (Figure 1). These data are summarised through

the use of a relatively accessible comparison method.

LIGNIN MCDIFICATION UK abundant source
using catalytic processing X of PLANT BIOMASS
leading to large scale
synthesis of sitka spruce
lignin®X for VALORISATION

SITKA SPRUCE
SAWDUST

ADVANCED High quality lignin extraction
CHARACTERISATION _ using LIGNIN
of lignins leading to STABILISATION during
comparison via Lignin alcohol PRETREATMENTS
Value Factors (LVFs)

Figure 1. An overview of the research presented and its relevance to the various sections of
the Frontiers in Physical Chemistry for Lignin Valorisation Faraday Discussion.

Downstream processing of alkosolv lignin: Having argued that the high level of alcohol
incorporation at the a-position of -O-4 linkages helps stabilise lignin during an alkosolv
pretreatment, there is also a drawback. In cases where subsequent lignin depolymerisation is
planned via oxidative methods, the a-position of the lignin is unfortunately protected from
oxidation. Here we explore a solution to this problem on a significantly increased scale
compared to previous reports (that used lignins from other biomass sources). Through careful
conversion of the a-alkoxylated B-O-4 linkage in butanosolv lignin back to its native structure,
selective oxidation of the now a-hydroxyl group in the B-O-4 linkage to the corresponding
ketone is achieved on a >50g scale. The reversion, catalytic oxidation protocol that is reported
leads to over 100g of the interesting lignin-derived oligomer referred to as lignin®* (Figure 1).
With significant amounts of this oxidised lignin available, a detailed analytical study using 2D
NMR spectroscopic methods solves a structural conundrum present in the literature — the fate
of the B-B linkage when lignin is oxidised. This type of advanced characterisation of
biopolymers has a clear role to play in future valorisation pathways.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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First, the lignin content of SiS sawdust was determined to enable the calculation of the
lignin extraction efficiency using the different organosolv processes. An oven-dried sample of
SiS sawdust was processed according to the CASA method®, leading to a calculated
theoretical maximum lignin yield of 21.3 weight percent (wt. %, Figure S1). Methanol, ethanol,
butanol and isobutanol were used as solvents in the organosolv pretreatments due to (i) the
ability of the solvent to be incorporated into the lignin chain (this enables stabilisation of the
lignin during the pretreatment®-%° and is desirable for some lignin applications'%.191); (ii) a
range of current solvent costs with the trend at the start of the work being methanol <<<
ethanol < isobutanol = butanol, (iii) on-going academic interests (use of biobutano|®0.102-104)
and (iv) novelty as the isobutanosolv pretreatment has not been previously reported to the
best of our knowledge. Sec- and tert-butanol and propanols were not investigated as these
have been shown to be less efficient at lignin extraction, whilst having comparable costs to
butanol.®' Alcohols with chain lengths > 4 carbons were not selected due to the practical
difficulty of removing them under reduced pressure.

A standard pretreatment protocol was used for consistency with the SiS sawdust
initially being suspended in the alcohol under test at a biomass loading of 9.5 mL/g and then
heated to reflux. A 4M aqueous solution of HCI (0.5 mL/g of biomass) was added and the
reaction heated for a further 6 hours. After cooling, the suspension was filtered and the pulp
washed with acetone. Neutralisation of the combined filtrates, concentration in vacuo and
purification of the resulting solid by one of three different protocols was then carried out. The
purification methods varied from (i) precipitation of an acetone/methanol (9:1) solution of the
solid into water (bronze standard lignin) or (ii) a two step precipitation protocol where the
isolated bronze lignin was redissolved in acetone/methanol (9:1) solution and precipitated into
hexane/diethyl ether (1:1) (silver standard lignin) or (iii) the silver standard lignin was first
treated with 0.1M NaOH solution and then purified by column chromatography on silica gel
(gold standard lignin). A slightly modified protocol was required for the pretreatments carried
out in a pressure vessel with the key difference being the temperature used (20 °C above the
atmospheric pressure boiling point of the alcohol). The pretreatment time (6 hours) and the
work-up were unchanged. The results of this study are summarised in Table 1 below.

Each lignin was analysed to determine: (i) The lignin yield (as wt.% of both the total
biomass and the CASA determined lignin content); (ii) lignin structure using the accurate and
reliable method of quantitative 3'P NMR analysis after phosphitylation°5-1%7 (iii) relative linkage
content (semi-quantitative) of the lignin using HSQC NMR methods; (iv) lignin molecular
weight and polydispersity index (PDI) by GPC analysis. In brief, the calculated lignin yields
were relatively low across all solvents under standard conditions with a maximum of
approximately half of the lignin being removed using a single butanol pretreatment (Table 1,
entries 1-4). As expected, the isolated yields of butanosolv lignin dropped as more extensive
purification was carried out (c.f. entries 4, 5 and 6). The use of pressurised conditions did
increase the lignin yields with the largest effect being on the ethanosolv pretreatment (c.f.
entries 2 and 8).
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Table 1. Results of analytical methods applied to SiS organosolv lignins from the pretreatment

Footnotes: @The solubility of butanosolv lignin in organic solvents makes it uniquely applicable
to a range of purification methods. This is not true of all organosolv lignins as solubility
decreases with alcohol chain length; Pbased on starting SiS bronze standard butanosolv lignin;
‘isolated yield of gold standard lignin obtained by flash column chromatographic purification
of silver standard lignin; 9data derived from quantitative 3'P NMR analysis after lignin
phosphitylation in mmol/g £ 1.7% (see ESI Figures S2-S4 and Tables S1 and S2 for more
details); ®semi-quantitative determination using HSQC NMR analysis (see ESI Figures S5 and
S6); fvalue in parentheses indicates estimated percentage of 3-O-4 linkages that are present
in their a-alkoxylated form; 9determined from GPC analysis using a refractive index (RI)
detector relative to polystyrene standards of known molecular weight ranging from 266 Da to
25000 Da. See ESI Figure S7 for relevant spectra used in analysis.

study View Article Online
DOI: 10.1039/D5FD00074B
s .
Sitka Spruce Yield - wt.% Linkage GPC.
Entry Liani of total Content analysis
ignin .
biomass
(Wt.% of Aliphatic ) | M, /Das M., / PDI¢
total lignin hydroxyl Tgt_ilee B-5° Ee Das
content) | (mmol/g)?

. 1 Bronze Methanosolv 3.1 (14.6) 11.85 44 (91) | 10 6 1560 2690 1.72
% 2 Bronze Ethanosolv 3.7 (17.4) 10.63 46 (91) 9 5 1560 2260 1.44
3 Bronze 1710 2840 1.67
B 3 Isobutanosoly 7.8 (36.6) 9.75 49 (92) 7 9
% 4 Bronze Butanosolv 9.5 (44.6) 8.94 44 (93) 6 9 2410 4360 1.81
% S Silver? Butanosolv 7'8[E§gg'6) 9.70 51(90) | 7 7 2050 3860 1 1.89
S
£| 6 | GoldButanosov 5'7[(%?]'8) 762 | 5192 | 6 | 6 | 2740 | 6760 247
s 7 Bronze Pressurised 4.4 (20.6) 12.12 48 (94) 9 5 2070 3220 1.55
£ Methansolv
O .

2 8 Bronze Pressurised 7.9 (37.1) 10.67 46 (91) 7 9 1800 3040 1.69
B Ethanosolv

2

g

B

2

é

2
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The aliphatic hydroxyl content of all the bronze standard lignins was high (8.94-12.1
mmol/g, c.f. analysis of an all 3-O-4 model oligomer which gave a value of 23.1 + 0.38 mmol/g)
as judged by 3'P NMR analysis after lignin phosphitylation (Figures S2-S4, Tables S1 and S2
and Scheme S1 for synthetic details for model oligomer synthesis in ESI).195:197 |f it is assumed
that the measured aliphatic hydroxyl group content is dominated by the B-O-4 linkages in the
lignin, then it is clear that all of the pretreatments lead to lignins with high B-O-4 content (39-
52% of the lignin linkages were (3-O-4s). Due to the quantitative nature of this analytical
method, it was decided to use this measurement in calculating a Lignin Value Factor (LVF) as
discussed below. It appears that as the alcohol increases in size (from methanol to butanol)
there is a significant decrease in aliphatic hydroxyl content (based on an estimated error of
1.7% for aliphatic hydroxyl content determination, see Table S2 legend). However, detailed
interpretation of this data is more challenging. In general, HSQC NMR analysis agreed that
the linkage content was consistently high and similar across the lignins (Figure S5), with a
higher degree of alcohol incorporation into the $-O-4 linkages than previously reported (e.qg.
for ethanosolv of Douglas Fir sawdust??). This suggests that SiS sawdust may be particularly
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amenable to modification under the organosolv pretreatment conditions used here. The
detailed analysis of an isobutanosolv lignin is reported for the first time (see Scheme S2 ip&ESk oniine
for details of the model compound synthesis required for assignment and Figlite"’S6). “FH&°"“¢
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changes in aliphatic hydroxyl content and total -O-4 content observed in silver and gold
standard butanosolv lignins compared to bronze standard butanosolv lignins was indicative of
lignin purification. Removal of low molecular weight lignin and non-lignin components affords
higher quality lignin but the additional steps required may not be necessary for all valorisation
methodologies and so the end application should be considered prior to purification.

The molecular weights (M, and M,,) of the SiS alkosolv lignins were similar for bronze
methano-, ethano- and isobutanosolv lignins (Table 1, entries 1-3, Figure S7) with bronze
butanosolv lignin having higher M, and M, values. This may be due to the increased
temperature of the butanosolv pretreatment affording access to more recalcitrant lignin within
the biomass. This likely contributes to the higher yield obtained of bronze butanosolv lignin.
Increase in the molecular weight of the average lignin chain was also observed for the higher
temperature bronze pressurised methanosolv and ethanosolv lignins (c.f. M,,, M,,, for entries
1 with 7 and for entries 2 with 8). As aliphatic hydroxyl group content was comparable across
the four lignins, this suggested that the major change in the pressurised, higher temperature
pretreatments was access to larger lignin chains. Relatively little variation was observed in the
polydispersity (PDI, Table 1) across the lignins, indicating a comparable range of lignin could
be accessed during each pretreatment. Whilst GPC-determined molecular weight is useful in
predicting appropriate applications of these various lignins, these data were not used in the
LVF calculations.

Having completed the pretreatment and analysis sections of the study, use of these data
to allow direct comparison of the pretreatments was envisaged. It was decided to generate a
single calculated value that accounted for the following factors: (i) isolated lignin yield (ideally
high); (ii) volume of solvent used (ideally low); (iii) solvent cost (ideally low); (iv) aliphatic
hydroxyl content of lignin (ideally high). The industrially relevant cost for each solvent was not
trivial to determine. In the end, it was decided to use ECHEMI'%8 which tracks the cost of
commodity chemicals. The only directly comparable figure for each solvent was the average
domestic price in mainland China in Yuan/tonne without shipping. An assumption was
therefore made that a theoretical large scale biorefinery carrying out organosolv pretreatment
of biomass would be situated within mainland China with direct access to a solvent production
plant requiring minimal (ideally zero) cost for solvent delivery. The cost of solvent according
to ECHEMI is expressed in Yuan/tonne but would be more convenient as cost per volume and
so was converted using the solvent density (Table S3). The cost of solvents (Table S4) and
the exchange rate of Yuan to United States Dollar on 28" March 2024 and 28" March 2025
(1 Yuan=0.1377 and 1 Yuan = 0.1384 USD, respectively) were used. Combining these factors
into a single calculation provided a Lignin Value Factor (LVF) for each organosolv lignin.
Equation 1, as shown below, was used:

(mlignin) x HC

solvent

Equation 1 = Lignin Value Factor (units in mmol/USD)

Cost of Solvent

Where mjg,in = mass of isolated lignin (units in g)

Vsowvent = VOlume of alcohol solvent (units in L)

HC = aliphatic hydroxyl content (from quantitative 3'P NMR, units in mmol/g)
Cost of Solvent = Cost of solvent (cost in USD/L, converted from Yuan/tonne)
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Whilst containing a number of assumptions and simplifications, the LVFs forwthe:onine
pretreatments were calculated and the results are presented in Table 2 (Table S513r'additionai®’*

details).

Table 2. Calculated Lignin Value Factor (LVF) for selected organosolv pretreatments carried
out on Sitka spruce sawdust based on solvent costs and exchange rates on 28" March 2024
and 28t March 2025. LVFs are colour coded — green (high LVF); yellow (moderate LVF); red
(low LVF).

Pretreatment to give bronze Lignin Value Factor (LVF)/
quality lignin mmol/USD
28" March 2024 | 28t March 2025

Methanosolv 85 83
Ethanosolv . .
Isobutanosolv 62 64
Butanosolv 69 82
Pressurised Methansolv 230 225
Pressurised Ethanosolv 82 97

The organosolv pretreatments could be divided into three LVF categories: low (<50
mmol/USD), moderate (50-80 mmol/USD) and high LVF (>80 mmol/USD). An initial
assessment was carried out using the solvent costs and exchange rates on 28" March 2024
(Table 2). The bronze methanosolv, bronze pressurised methanosolv, and bronze pressurised
ethanosolv pretreatments had high LVFs, with pressurised methanosolv having the highest
LVF due to the low cost of methanol,the high aliphatic hydroxyl content of the lignin produced
by this pretreatment, and the high yield of lignin per volume of solvent used. Bronze ethanosolv
had a low LVF due to the low lignin yield and high solvent cost. Bronze isobutanosolv and
bronze butanosolv had moderate LVFs. While the lignins yields are high in both these cases,
rendering these the two most efficient pretreatments, the high solvent costs at that time
lowered the LVFs. It was predicted that a decrease in cost of solvent of approximately 22%
for isobutanol and 14% for butanol would move both isobutanosolv and butanosolv into the
high LVF category. A decrease of solvent cost on this scale was thought to be possible as
biobutanol production is becoming increasingly commercially viable. For example, Celtic
Renewables'®® based in Grangemouth, Scotland have recently demonstrated biobutanol
production at a pilot scale. Further advances in the fermentation technology could reduce
biobutanol costs, improving the LVF of butanosolv lignin. This was investigated by
reevaluating the LVFs one year later based on solvent costs and exchange rates on 28" March
2025 (Tables 2 and S4). Year to year, the spot price of methanol had increased 3%, ethanol
had decreased 15%, isobutanol has decreased 3% and butanol had decreased 15%.'98 As a
result, no significant changes were identified in the LVFs for methanosolv, ethanosolv and
isobutanosolv pretreatments. The butanosolv pretreatment had now moved into the high LVF
category as the predicted price threshold had been passed. This now made the butanosolv
pretreatment competitive with the atmospheric methanosolv pretreatment. This significant
change in solvent costs in one year exemplifies the variation inherent in the LVF calculation
and provides a useful rough measure of the response to changing economic and industrial
factors. The stand-out LVF of pressurised methanosolv highlights a possible limitation of this
methodology, as there are other factors associated with this pretreatment that argue against
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its use. For example, limitations on batch size and additional costs that are associated with
running the reaction at higher pressures, as well as other process considerations, havenot onine
been taken intO account DOI: 10.1039/D5FD00074B

Open Access Article. Published on 13 June 2025. Downloaded on 7/30/2025 7:36:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Having carried out this systematic assessment of different organosolv pretreatments, it was
decided to study the structure and reactivity of the Sitka spruce butanosolv lignin.

A native-like Sitka spruce lignin.

One advantage of organosolv lignins prepared using alcohols such as butanol (alkosolv
lignins) is that incorporation of the alcohol at the a-carbon in the B-O-4 linkage stabilises the
lignin during the pretreatment (Scheme 1). The use of the alcohol solvent decreases lignin
degradation and condensation. This effect is comparable to the use of, for example,
formaldehyde (or other aldehydes) in alternative organosolv pretreatments.%-%° |n addition,
the alcohol modification of the lignin also facilitates selective reaction at the y-carbon in the -
0O-4 linkage (Scheme 1). This is increasingly used in the synthesis of designer lignins for a
range of interesting materials applications. A further advantage of alcohol incorporation is that
it increases the lignin’s lipophilicity. This effect is significant for butanol (less so for methanol
and ethanol) enabling (i) subsequent reactions in organic solvents; (ii) easier analytical
characterisation of the lignin and even (iii) lignin purification by flash column chromatography
(as described above when preparing gold standard butanosolv lignin).

guaiacyl
(G) unit Advantages include increased

lignin lipophilicity enabling

(i) reactions in organic solvents,
~— | (i) improved analytical

characterisation,

(i) purification by column

chromatography

Alkosolv lignin
Major (G-G) B-O-4 unit in alkosolv lignins
R = Me, Et, "Bu, ‘Bu in this study

oxidation at the a-position
REVERSION weakens the CB-O bond
when R ="Bu enabling cleavage (ref. 115)

Q/Kf \@omzmloi@)% \@

"native-like" lignin lignin®*

Scheme 1. The presence of the a-modified 3-O-4 linkage in alkosolv lignins provides several
advantages but a key disadvantage arises from the inability to oxidise the a-position to the
corresponding ketone. This oxidation is known to facilitate depolymerisation of the lignin. One
solution is to convert the alkosolv lignin back to a “native-like” lignin by reinstalling the a-OH
into the B-O-4 linkage (a process referred to as reversion).

Whilst alkosolv lignins have been used directly in lignin depolymerisation.00.110-114 "the q-
modification in the B-O-4 linkage shuts down depolymerisation methods that require
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installation of a ketone at the a-position. This is important as it has been shown that a-oxidation
leads to a significant weakening of the p-carbon to OAr bond in B-O-4 linkages, facilitating: onine
depolymerisation (Scheme 1).1%5 In fact, a-oxidation in B-O-4 linkages is esseritial'i riattiraf®?’*®
approaches to lignin degradation.''®-'2' One approach to resolving this limitation of alkosolv
lignins is the controlled conversion of the modified 3-O-4 linkages back to their native structure
(with an a-OH group). This process has typically been referred to as “reversion” or “de-
etherification” and provides an alternative (two step) approach to “native-like” lignins that are
comparable to 1,4-dioxasolv lignins. Limited examples of reversion have been reported to
date, and all of these are on small scales (1g or less) and not on a sitka spruce lignin.82°1 In

the next phase of this study, large scale reversion was achieved leading to a “native-like” Sitka
spruce lignin that was the substrate for a selective a-oxidation reaction. The overall goal was

to prepare a well-defined Sitka spruce oxidised lignin (lignin®-°X) that could be a starting point

for a range of potential valorisation methods.

Previous studies on 200 mg scale using Douglas Fir butanosolv lignin led to the desired
reversion in 55-60 wt. % yield.8? The reaction involved heating the lignin in a sealed tube at
100 °C in 1,4-dioxane and water (2:1) for 6 hours with hydrochloric acid as the catalyst.
Repeating these conditions with Sitka spruce bronze butanosolv lignin also proved successful,
although full exchange of the butanol for water at the a-position proved elusive (Table S6,
entry 2, Figure S8B). Carrying out the reaction at room temperature over 72 hours failed but
shortening the reaction time from 6 to 2.5 hours (whilst maintaining the reaction temperature
at 100 °C in a sealed tube, Table S6, entry 4) improved the practicality of the reversion.
Importantly, when the reversion reaction was repeated on a 5-8 gram scale, successful
preparation of the “native-like” Sitka spruce lignin was achieved (Table S6, entries 5-8).
Translating these results to larger scale at the Biorenewables Development Centre (BDC,
York) proved successful. In brief, in a typical reaction using a 2 L Hastelloy high pressure
reactor, 60 g of lignin were added to the reactor followed by water, 1 M HCl(aq) (volume ratio
2:1, total of 333 mL) and 1,4-dioxane (667 mL). The reactor was sealed and then heated, with
stirring, to 105 °C for 2.5 hours (autogenous pressure of ca. 0.2 barg was observed). After
work up (see ESI general procedure G) a 62+2 wt. % yield (average over 4 runs) of the desired
“native-like” Sitka spruce lignin was obtained. Reversions on this scale proved reproducible
(Figure S9).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Large scale preparation of Sitka spruce lignin®X
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Lignin depolymerisation remains of interest in plans for the valorisation of this important
component of biomass. Whilst reductive methods dominate this area, there is interest in
(selective catalytic) oxidative processing of lignin as well as the subsequent depolymerisation
methods. In fact, the preparation of a material often referred to as lignin® may enable novel
ways of using lignin in the future. We®3.122 and others'23-133 have studied the selective oxidation
of hardwood lignins in the context of lignin depolymerisation. Here, it was hoped that some of
the complexities inherent in hardwood lignins might be decreased by the fact that Sitka spruce
is a softwood and therefore its lignin is dominated by guaiacyl (G)-aromatic units. However,
there were initial concerns that a Sitka spruce softwood lignin would be more reactive under
the oxidation conditions compared to the previously difficult to oxidise hardwoods.'?? This
increase in reactivity could lead to side reactions, a higher than desired degree of oxidation,
or degradation of the highly oxidised lignin chain.

Methods for the analysis of selectively oxidised lignins focus on the use of HSQC NMR.34-
139 This analytical method separates signals in two dimensions enabling diagnostic crosspeaks
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to be identified. In the case of lignin®X, the observation of crosspeaks at 6'H/5'3C 5.65/81.7
and 5.92/81.6 ppm is used to read out on the success of an attempted oxidation of theve=@kk oniine
to the corresponding ketone in G-G B-O-4 linkages (Scheme 1, for a very re@8ht’éXampre®’’“®
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see'9). In brief, the a-oxidation of a G-G -O-4 linkage that is adjacent to a non-oxidisable/not
yet oxidised linkage (Oxidation Stage A in Figure 2a) results in the crosspeak at §'H/6'3C
5.65/81.7 ppm corresponding to the B-hydrogen (shown in red in Figure 2a). If the adjacent
linkage has been oxidised (including as shown in Figure 2a for an adjacent oxidised -O-4
linkage) then the observed crosspeak for the B-hydrogen is instead at 'H/5'3C 5.92/81.6 ppm
(Oxidation Stage B). Across our oxidation studies, a range of different outcomes were
observed. These were classified into three categories termed under®X, good®* and over®X
(Figures 2b/d/c respectively). Diagnostic crosspeaks for an under®X lignin were the presence
of a crosspeak at 5.65/81.7 ppm but not at 5.92/81.6 ppm as well as crosspeaks at 4.76/71.6,
4.47/80.5 and 4.30/84.2 ppm (corresponding to the a- and [B-protons of unreacted
diastereomeric -O-4 linkages). If oxidation was more successful and a good®* lignin was
formed then only two of the previously identified 5 crosspeaks were seen (at 5.65/81.7 and
5.92/81.6 ppm). Finally, if oxidation went too far and over®* lignin was formed then diagnostic
(but as yet unassigned) additional crosspeaks at 7.56/129.2 and 7.63/132.1 ppm were
observed (shown in insert in Figure 2b and not present in other spectra) in addition to only one
of the two crosspeaks (at 5.92/81.6 ppm) seen for good®X lignin.

As no oxidation studies of this type have been reported on Sitka spruce lignin, to the best
of our knowledge, initial studies used the model all G $-O-4 oligomer discussed above. Good
levels of B-O-4 oxidation were obtained on a 200 mg scale using catalytic DDQ (0.3 equivs.)
and ‘BUuONO (0.3 equivs.) at 85 °C in dimethoxyethane (DME) and 2-methoxyethanol (3:2)
with the oxygen (terminal oxidant) being supplied via a ballon (procedure based on a literature
report using different lignins®3). However, HSQC NMR analysis of the isolated oligomer®X
showed that for some of the -O-4 linkages one of the solvents (2-methoxyethanol) had been
incorporated at the a-position (Figure S10 for more details). A change of solvent mixture for
the oxidation reaction to DME and 1,4-dioxane (3:2) was therefore used throughout the rest
of the study. Even on a small scale (200mg), oxygen mass transport problems were
encountered. One attempt to overcome this involved, actively squeezing balloons filled with
oxygen into the reaction, forcing in additional oxygen as the reaction proceeded to provide
sufficient dissolved oxygen in the system. Whilst this did aid conversion, a more viable
alternative involved the use of compressed air (rather than oxygen) in combination with an
autoclave. Compressed air was chosen due to its safer handling compared to the use of a
pure oxygen atmosphere under these conditions.'' The results from this part of the
optimisation study are presented in Figure 2f (and Figures S11-S13). Initially, the experiment
(Figure 2f, entry 1) involved selectively methylating the phenolic oxygens in the reverted SiS
lignin (using TBAF and Mel in DMSOQ"14.142-144) before attempting the catalytic oxidation with
DDQ and ‘BUuONO (15 wt.% of each) at 85 °C in DME/1,4-dioxane (3:2) under 5 atmospheres
of compressed air. It was found, however, that this modification resulted in a lower than
expected conversion to the desired lignin®* leading to the formation of under®* lignin (33%
oxidation, ratio of B”:p’ crosspeaks 0.39:1.00, Figure 2b, Reaction 1). Removing the pre-
methylation step provided a way forward without having to use toxic reagents. An increased
level of oxidation of the 3-O-4 linkages was observed (71% oxidation, ratio of B”:3’ crosspeaks
0.77:1.00) even with a lower amount of oxidising reagents (10% wt. % DDQ and ‘BuONO,
Figure 2f, entry 2). Increasing the ratio of reagents (to 25 wt. % DDQ and ‘BuONO) relative to
the starting lignin resulted in the first acceptable batch of SiS lignin®* being formed (83%
oxidation, ratio of B”:3’ crosspeaks 1.24:1.00, good®X, Figure 2f, entry 3).

10
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Figure 2. Catalytic DDQ oxidation study using Sitka spruce lignin: a) Schematic representation
of the oxidation of adjacent 3-O-4 units within lignin including possible oxidation stagesswFhe: oniine
expected chemical shifts of the crosspeaks corresponding to the highlighted B-hydrogér (r&d§°
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in the HSQC NMR spectra (d6-DMSOQ) of the possible products are shown. Initial oxidation of
the a- hydroxyl to the corresponding ketone leads to a change in the chemical shift of the
crosspeak corresponding to the B-hydrogen (to 5.65/81.7 ppm, Oxidation Stage A). Further
oxidation of an adjacent f—0O-4 unit leads to a further shift of this crosspeak to 5.92/81.6 ppm;
b-d) Representative HSQC specta highlighting the different lignin products that were
observed, including the formation of an under®* lignin (Reaction 1), a good®* lignin (Reaction
5) and an over®X lignin (Reaction 4). Key observed crosspeaks are highlighted (hashed
circles). Crosspeaks corresponding to the Oxidation Stages A and B highlighted in part a) of
the figure are emphasised by the inclusion of ' and B” labels. €) HSQC NMR analysis (d6-
DMSO) of large scale oxidised SiS lignin®* highlighting (almost) complete oxidation of the a-
hydroxyl in the B-O-4 linkages. This represents, to the best of our knowledge, the largest scale
batch of lignin®* prepared to date. f) Table of results from the oxidation optimisation study. All
reactions were carried out at 85°C in (1,4-dioxane/DME, 2:3). 2Entry 1 used a lignin that was
methylated on the phenolic oxygens before oxidation.!'4142-144 The degree of oxidation was
calculated using the HSQC NMR data. In brief, the integration of the crosspeak corresponding
to the B-hydrogens in oxidised lignin was divided by the total integral for 3-hydrogens in the 3-
O-4 linkages. A value of below 75% conversion to oxidised B-O-4 linkages (colour-coded
purple) was judged as forming an under®X lignin whereas a value of above 75% (colour-coded
green) was judged as forming good®* lignin. The ratio of the integrations for the crosspeaks
assigned to the B-hydrogens labelled B”:3’ = Oxidation Stage B : Oxidation Stage A (units per
100 C9 units) was also measured and classified as forming under®X if the integral of the 8’
crosspeak was <1.0 (purple) or good®* lignin if the integral was >1.0 (green). A measure of
lignin over-oxidation (over®X) was provided by integrating crosspeaks at 53'H/3'3C 7.56/129.2
and 7.63/132.1 ppm in the HSQC NMR spectra. If the observed integration total was >10 units
per 100 C9 units (red) then over®X lignin was formed.

Increasing the concentration that the lignin oxidation reaction was run at from 20 g/L to 50
g/L provided additional insight. This change led to a higher level of oxidation (88%, ratio of
B”:B’ crosspeaks 1.65:1.00, entry 4). However, the crosspeak at 5.81/81.9 ppm was clearly
present (Figure 2c, Reaction 4), as well as the two additional aromatic crosspeaks (7.56/129.3
and 7.62/132.1 ppm, insert in Figure 2c). As increasing the concentration of this reaction
meant decreasing the volume of solvent used, there was a corresponding increase in the
volume of compressed air in the sealed system compared to other reactions. The formation of
over®X lignin, in this case, was rationalised by the increased amount of available oxygen
impacting on the catalytic cycle and therefore on successful DDQ regeneration. Further scale
up to around 3 grams of lignin at the same concentration modified the amount of solvent
required again (60 mL, entry 5). Under these conditions, the volume ratio of lignin in solution
to compressed air in the sealed system was 60:40 and this was found to be almost optimal
giving good®* (Figure 2d, Reaction 5). By keeping this exact volume ratio, the oxidation was
further improved by increasing the compressed air pressure to 10 atmospheres (entry 6).
These conditions were found to be reasonably reproducible (entry 7). In collaboration with the
BDC, the Sitka spruce lignin oxidation reaction was then run on a 60 grams scale with a good
oxidation level being maintained. In the first of two runs (entry 8) the level of conversion (73%)
was slightly lower than hoped for. However, an increase in reaction time from 16 to 20 hours

12
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(c.f. entries 8 and 9) delivered a high-quality sample of Sitka spruce lignin®% on a significant
scale in 91 wt. % vyield (entry 9, and Figure 2e). To the best of our knowledge, this is the«firgt oniine
relatively large-scale preparation of lignin® in a controlled manner. It is also the fif$t finfe’Sitka "
spruce lignin®% has been reported in the literature. In the next part of the study we took
advantage of the availability of this material to study its structure in more detail.

The fate of the B-B linkage during softwood oxidation

The continued study of lignin®X enables a more detailed assessment of the conversion
of other lignin linkages under the oxidative conditions used. This level of structural analysis is
not only academically interesting but is likely to be important in the development of highly
optimised lignin depolymerisation strategies in the future. We, and others, have reported
previously on the oxidation of B-B and (-5 linkages, in addition to the abundant p-O-4
units.123.145-149 As expected, the large scale DDQ oxidation of SiS lignin reported here resulted
in the disappearance of the NMR signals corresponding to both the 3-8 and B-5 linkages (for
example in Figure 2c the expected crosspeak corresponding to the -5 linkage at 5'H/5'3C
5.60/88.4 ppm is absent in the final lignin®* product). Whilst the oxidation of the B-B linkage
has been discussed previously, there remain uncertainties about the structure of the products
formed.'® The next stage of the study was to revisit this issue.

Eudesmin 1 (R=H
Yangambin 4 (R =

; 2R=H,R"=CHO
M, 3r- H, R" = CH,OH

)

OMe)
" 5R =0OMe, R" = CHO
ML, 6R = OMe, R = CH,0H

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Scheme 2. Oxidation of Eudesmin 1 and Yangambin 4 with excess DDQ in 1,4-dioxane at
80 °C leading to the formation of the novel furan products.
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Due to the relatively low abundance of 3- linkages in SiS lignin, initial studies used
compound 1 (Eudesmin), a model for the B- linkage in a softwood (Scheme 2). Oxidation of
1 using 5 equivalents of DDQ in 1,4-dioxane at 80 °C for 3 hours resulted in the formation of
two compounds that clearly had related structures. One of the compounds, compound 2, was
proposed to contain an aldehyde functional group, whilst the other (compound 3) was
tentatively assigned as the alcohol-containing precursor of 2. Treatment of the crude reaction
mixture containing both 2 and 3 with Dess-Martin periodinane (DMP)'*° led to the apparent
conversion of 3 to 2, simplifying the reaction mixture. Whilst full characterisation of 2 was
achieved (see ESI for details), the structural assignment still proved challenging with several
possible structures being proposed. Unfortunately, it was not possible to grow crystals of 2
that were of suitable quality for structure determination. However, in parallel studies using 4
(Yangambin), high quality crystals of the analogous aldehyde-containing compound 5 were
obtained in 60% yield after DDQ and DMP treatment. X-ray crystallographic analysis of 5
showed that a furan substituted by both an aryl-ketone and an aldehyde functional group had
formed (Scheme 2 and Figures 3). Detailed comparison of the NMR analysis of the novel

13
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compound 5 with 2 was consistent with the structure of 2 being as shown (Scheme 2). Alcohols
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3 and 6 were assigned the structures shown. In the light of these observations, it seemsitikelye oniine

that structural reassignment of previously reported a-pyrones as products “ffofr'Felatet
reactions should be revisited (for example see reference %1).

Figure 3. Views of the structure obtained from single crystal X-ray diffraction (thermal
ellipsoid plot 50% probability) of furan-containing aldehyde product 5 resulting from reaction
of yangambin 4 with excess DDQ in 1,4-dioxane at 80 °C. Selected bond lengths (A), angles
(°) and torsions (°): C1-Ca 1.483(4), Cp-Cp’ 1.445(3), Cy-0O2 1.359(3), Ca’-02 1.372(3), C1’-
Ca’ 1.456(3), Ca-O1 1.228(3), Cy’-0O3 1.203(3); C1-Ca-CB 119.9(2), Cp-Cy-02 110.3(2), C1’-
Ca’-Cp’ 137.3(2), Ca’-CB’-Cy’ 132.6(2), CB’-Ca’-02 108.7(2); C1-Ca-CB-Cy -46.3(4), C1’-Ca’-
CB-Cy’ -1.8(5), Ca-CB-Cy-02 172.7(2), Cy’-Cp-Ca’-02 174.6(3), CB-CR’-Cy’-0O3 -175.0(3).
CCDC 2445448 and ESI for experimental details.

In an attempt to confirm that the -8 linkage in lignin is converted to the corresponding
furan structure on oxidation to lignin®©X, inspection of the aldehyde region of the HSQC NMR
analysis of SiS lignin®-°X proved challenging. This is likely due to the fact that there are
relatively low amounts of the B-B linkage in this softwood lignin. However, confirmation that
this transformation does occur in lignin was obtained by comparing the 2D HSQC and HMBC
spectra of aldehyde 5 with beech lignin®©X (Figure 4). Beech is a hardwood that contains
predominantly S units and an increased relative number of B- linkages compared to SiS
lignin. In brief, 1,4-dioxasolv beech lignin®©X, prepared using 3 weight equivalents of DDQ as
described previously,'?? displayed a broad cross peak at 'H/'3C & 10.17/ 187 ppm in the 2D

14
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HSQC NMR analysis (Figure 4b (ii)). An overlay of this HSQC spectrum with that of aldehyde

5 (Figures 4a (i) and 4c (iii) for overlay) supported the presence of the furan aldehyde mweietye oniine
in the lignin®°X sample. HMBC NMR analysis further supported this with clear“¢orréfations
between the aldehyde proton (Hy’) and CB and Ca’ being observed in both the model
compound 5 and beech lignin®©X, A relatively weak 2J correlation between Hy’ and Cp’ was
also seen in both samples although this signal is very weak in the beech lignin®©X sample
(Figure 4 for chemical structures and legend for more detail). Overall, it seems likely that the
disappearance of the B-f3 linkages on formation of SiS lignin®©X results from formation of the
analogous furan unit. This raises interesting questions for the future on whether it is possible

to isolate this furan unit (or a structure derived from it) on depolymerisation of lignine-©oX,
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Figure 4. Identifying the furan-aldehyde unit in SiS lignin®X. Selected regions of the HSQC
NMR ('"H/'3C /5 10.05-10.25/ 185 - 189 ppm, 700 MHz, ds-DMSO) analysis of: a) i) aldehyde
5 and b) i) beech ligninOX and c) i) an overlay of the two spectra indicating the presence of
an aldehyde crosspeak in both. Selected regions of the HMBC NMR analysis (H/'3C /5 10.05
— 10.25/ 110 — 170 ppm, 700 MHz, dg-DMSO) of: A) ii) aldehyde 5; B) ii) beech lignin®X
(generated using 3 wt. eq. of DDQ) and c) ii) an overlay of the two spectra indicating 3 key
crosspeaks resulting from various strength couplings. For atom labelling see structures at top
of figure.
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Discussion and Conclusions

View Article Online

Dramatic progress in the chemistry and biology of lignin has been made in"thé {88t S *®
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decades, building on and extending the pioneering studies of Payen, Shulze, Klason,
Freudenberg, Nimz, Adler, Hibbert, Kratzl, Tischenko, Nakano and many others. This
resurgence has been driven by technological advances and a focus on the use of plant
biomass rather than fossil fuels for chemical applications. In one approach to the isolation of
lignin, a pretreatment of the biomass is carried out. In a perfect world, this would deliver native
lignin (with a structure almost identical to that found in the plant) in quantitative yield. Delivering
this continues to prove a considerable challenge but a wide range of creative approaches have
been applied (including excellent ionosolv methods'%2-1%5). One of these involves the use of
organic solvents in what is known as an organosolv pretreatment. In many cases, there is no
stabilisation of the lignin during extraction and this often results in extensive degradation of
the native lignin leading to the generation of a very intransigent material. The use of an alcohol
(for example ethanol or butanol) in the pretreatment appears to simplify the challenge as by
incorporation of the alcohol at the a-position of the B-O-4 linkages, the lignin is stabilised and
alkosolv pretreatments often deliver reasonable yields of good quality lignin. Whilst
considerable progress has been made, there remain details and biomass types that have been
understudied in the context of alkosolv pretreatments. Here we focused on one such case, the
isolation of alkosolv lignins from the softwood Sitka spruce (SiS).

It is perhaps surprising that more work on the pretreatment of Sitka spruce residues is
not found in the literature, given its strategic importance in the UK forestry industry. Here we
show that alkosolv SiS lignin can be obtained relatively easily and suggest that the economics
of which alcohol should be used is in a state of flux. For example, just a year ago it was clear
that butanosolv processing of Sitka spruce sawdust at atmospheric pressure was not
competitive with an analogous methanosolv pretreatment. More recently this differentiation
has become less obvious. During our studies we used a relatively simple method of assessing
the competitiveness of different pretreatments (calculation of a Lignin Value Factor). Whilst
the proposed LVF is far from the most detailed way of carrying out this comparison, we believe
it is useful in engaging colleagues and peers in discussions on lignin isolation strategies.
Following an excellent suggestion during the review of this manuscript, an even simpler
method than the one selected here was considered that focused on cost per kilogram of lignin
prepared (see Table S7 and Equation S1 for details and results of this assessment in the
context of this work). It may also be preferable to carry out a second-generation calculation
that converts a wider range of factors into a single key performance indicator (KPI).'%6
Additional factors could include the use of a space-time yield calculation as an improved
method of maximising the use of yield information and accounting for the strengths and
limitations of the pressurised vessels used in some of the pretreatments.'57-158 Other factors
moving forward could also include (i) an assessment of the relative ease of downstream
purification, (ii) recycling of the different alcohol solvents, and (iii) a measure of the quality of
the cellulose pulp obtained (for example,®082 it is standard practice to use the total amount of
glucose produced from the pulp using commercially available enzyme preparations as a
measure of pulp quality). The question of whether to include an LVF calculation for each
different biomass being considered for a particular process could also be addressed in future
versions of this approach.

Through collaboration with the BDC, it also proved possible to convert the butanoslv
SiS lignin back to a “native-like” lignin via reversion. Whilst still not fully optimised, the method
described here was scalable and reproducibly delivered relatively large quantities of SiS lignin
for study. The term “native-like” is used as the B-O-4 linkages in the reverted lignin now have
the same structure as they (predominantly) do in the wood with a hydroxyl functional group at
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the a-position. A more detailed comparison of this lignin (using 2D NMR methods) with that

of, for example, a milled-wood lignin would be a useful further extension of this viworkie oniine
Regardless, it was then possible to oxidise the B-O-4 linkages, converting the a-hydroXyltdE 7+
ketone. This delivers a material usually referred to as lignin® and, to the best of our
knowledge, is the first time that lignin®* has been prepared from Sitka spruce. The fact that
this oxidation was relatively reproducible on a 60 gram scale opens up numerous options for
further exploring this interesting modified biopolymer. There has been some doubt cast on
whether it is possible to prepare lignin® by the method used here, but these studies
demonstrates that it is possible on a multigram scale for an industrially important plant biomass
source.

One question that has arisen when thinking about the structure of lignin®X is whether
its formation should be considered a selective reaction. In terms of the chemistry at the B-O-4
linkage, it is selective (a- instead of y-hydroxyl oxidation), however, in terms of oxidation of
different linkages, it is not. It has been noted previously that in addition to oxidation of the B-
0O-4 linkage both the B-f and B-5 linkages are oxidised. Here, we have clarified what happens
to the B-B linkages reporting for the first time its conversion to an interesting keto-furan
aldehyde/alcohol unit.

Is lignin®X relevant to future valorisation strategies? Whilst the answer to this is more
likely negative than positive at this time, it remains instructive to think about what the
advantages and disadvantages of lignin®% are. Whilst the three step synthesis is a challenge,
the route used here (via an alkosolv lignin that is reverted and oxidised) is reproducible and
scalable (at least up to the 60 gram scale). The upside is the reactive functionality that is
present in lignin®X. The material prepared here is soluble in a number of organic solvents and
it should therefore be possible to react the ketone using a wide range of standard organic
reactions. A range of potential materials applications are possible.'® In addition, studies are
on-going aimed at optimising the depolymerisation of this material. This should deliver highly
functionalised monomeric units for use in the synthesis of bioactive compounds and
surfactants efc. The possible isolation of novel monomers isolated from other processed
linkages (e.g. the B-B linkage, all be it in low yield) seems feasible. Overall, the possibilities
and complications that lignin chemistry continues to deliver will ensure that a wide number of
pathways forward will continue to be explored. We hope that this manuscript addresses some
issues of interest and builds on previous excellent Faraday Discussions based on lignin. 160.161
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