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Introduction

New insights into the structure and composition
of technical lignins: a comparative characterisation
study

Sandra Constant,® Hans L. J. Wienk,® Augustinus E. Frissen,© Peter de Peinder,?
Rolf Boelens,” Daan S. van Es,“ Ruud J. H. Grisel,® Bert M. Weckhuysen,?
Wouter J. J. Huijgen,*€ Richard J. A. Gosselink*“ and Pieter C. A. Bruijnincx*®

Detailed insight into the structure and composition of industrial (technical) lignins is needed to devise
efficient thermal, bio- or chemocatalytic valorisation strategies. Six such technical lignins covering three
main industrial pulping methods (Indulin AT Kraft, Protobind 1000 soda lignin and Alcell, poplar, spruce
and wheat straw organosolv lignins) were comprehensively characterised by lignin composition analysis,
FT-IR, pyrolysis-GC-MS, quantitative *'P and 2D HSQC NMR analysis and molar mass distribution by Size
Exclusion Chromatography (SEC). A comparison of nine SEC methods, including the first analysis of
lighins with commercial alkaline SEC columns, showed molar masses to vary considerably, allowing some
recommendations to be made. The lignin molar mass decreased in the order: Indulin Kraft > soda P1000
> Alcell > OS-W ~ OS-P ~ OS-S, regardless of the SEC method chosen. Structural identification and
quantification of aromatic units and inter-unit linkages indicated that all technical lignins, including the
organosolv ones, have considerably been degraded and condensed by the pulping process. Importantly,
low amounts of - ether linkages were found compared to literature values for protolignin and lignins
obtained by other, milder isolation processes. Stilbenes and ether furfural units could also be identified in
some of the lignins. Taken together, the insights gained in the structure of the technical lignins, in particu-
lar, the low B-O-4 contents, carry implications for the design of lignin valorisation strategies including
(catalytic) depolymerisation and material applications.

a renewable feedstock for chemicals and fuel additives,
efficient catalytic depolymerisation is required. Many different

Lignin is attracting much attention due to its potential as a
renewable resource for the production of bio-based materials,
fuels and chemicals, aromatics in particular. Macromolecular
applications of this aromatic polymer include its use in poly-
urethane foams, phenol-formaldehyde resins, as dispersants
or as additives for concrete and rubber.! For lignin to serve as
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approaches and conversion routes have been proposed and are
currently being explored.” Despite considerable efforts in this
direction, the current industrial uses of lignin are still limited
and are primarily associated with the (macromolecular) indus-
trial application of lignosulphonates.® Although a highly abun-
dant aromatic feedstock, lignin is still largely regarded simply
as a source for heat and power for the biorefining or pulping
process that liberates the lignin. The lack of established pro-
cesses that add value to the lignin component can be largely
attributed to its chemical recalcitrance and structural complex-
ity. Adding to this complexity, the lignin structure is highly
dependent on both the feedstock and lignin isolation process.
Lignin is an aromatic polymer formed in nature by the
radical polymerisation of p-coumaryl alcohol, coniferyl alcohol
and sinapyl alcohol, bearing p-hydroxyphenyl (H), guaiacyl (G),
and syringyl (S) units, respectively. Depending on the biomass
source, lignin varies in monomer composition. Herbaceous
crops, such as straws, contain all the three monomers and are
relatively rich in H units. Gymnosperm lignins, isolated from
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softwoods, lack S units, while angiosperm lignins, isolated
from hardwoods, are rich in G and S. The monomer compo-
sition affects the molecular structure, for instance in terms of
branching of the polymer and the extent of cross-linking with
the polysaccharide fraction. Monomer composition thus deter-
mines lignin degradability, as well as the processability of the
lignocellulosic biomass.*® The radical polymerisation process
leads to a variety of inter-unit linkages including the p-O-4,
B-B, p-5, 5-5 and 4-O-5 structural motifs.” Their relative abun-
dance in native lignin varies from plant to plant but the $-O-4
linkage is typically the most abundant. It is also one of the
most labile bonds and is readily cleaved by most depolymerisa-
tion (or pretreatment) methods.” The p-O-4 content of isolated
lignins, therefore, strongly depends on the type of the separ-
ation method used and the severity of the applied process con-
ditions. While various (enzymatic) lignin extraction methods
that aim at the isolation of lignin with a structure as close to
protolignin as possible do exist; such methods have been pri-
marily developed for analytical purposes, i.e. for lignin struc-
ture determination. Indeed, such mild analytical methods
generally do not provide a viable starting point for lignin valor-
isation schemes. Instead, efficient valorisation routes should
rather be found for technical lignins that are isolated as the
side-products of the existing or future (industrial) bio-refining
processes. Such processes are typically optimised for the valor-
isation of the carbohydrate part of the biomass and have little
regard for the fate of the lignin fraction. As a consequence,
lignin is produced in high yield, but with a highly modified
structure. Alkaline and organosolv processes yield such techni-
cal lignins, for example. Kraft and soda pulping are two alka-
line processes, with the former using sodium sulphide in an
alkaline aqueous solution as reaction medium,® while the
latter only uses sodium hydroxide. In both processes, the alka-
line conditions result in the breakdown of the protolignin, dis-
solution of lignin fragments and subsequent recondensation.
Not all linkages of the lignin-carbohydrate complex are
broken, resulting in a significant amount of residual sugars
in the isolated alkaline lignins. In addition, considerable
amounts of residual minerals typically remain in the lignin
fraction.

Organosolv pulping is a promising alternative in that it
yields lignins with considerably lower amounts of both
residual carbohydrates and ash. Pulping with a mixture of
water and an organic solvent, optionally aided by acid cata-
lysts, allows for an efficient fractionation of biomass. Together
with a cellulose pulp, high purity lignin and hemicellulose-
derived products are coproduced and easily separated. Many
types of organosolv processes have been developed based on
different solvents and acids.’ Most commonly, organosolv pro-
cesses use aqueous ethanol, typically adding sulphuric acid as
a catalyst. However, Alcell lignin, which has been produced at
the pilot plant scale, was generated without adding a catalyst.'”
Although organosolv lignins are relatively pure, this pulping
process is known to considerably affect the lignin structure,
for example by extensive cleavage of the Ilabile f-O-4
linkages."'™*3
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Evidently, further valorisation of technical lignins requires
detailed insight into the impact of the isolation method on the
lignin structure, as the final molecular structure determines
which lignin is best suited for what valorisation strategy. Most
lignin structure elucidation efforts, however, have focused on
the structure of protolignin rather than technical lignins.
A multitechnique approach is required to obtain essential
knowledge on the lignin structure, composition, molar mass
distribution and thermal behaviour."*"® General composition
analysis typically distinguishes between the Klason lignin, or
Acid Insoluble Lignin (AIL), Acid Soluble Lignin (ASL), residual
carbohydrates and ash. The average molar mass (M,,) and poly-
dispersity (PD) of the lignin macromolecule are commonly
determined by Size Exclusion Chromatography (SEC) and
depend heavily on the experimental setup used, as well as on
the calibration and calculation methods applied.'® Absolute
values should therefore be treated with caution and only be
used for a relative comparison.’® Other methods that have
contributed to the elucidation of the lignin structure include
wet chemical methods, chromatography coupled with mass
spectrometry, FT-IR and NMR spectroscopy.

NMR spectroscopy has probably provided detailed insight
into the lignin molecular structure, both in terms of inter-unit
linkages and functional group decoration of the lignin macro-
molecules. 2D ['H;"*C] Heteronuclear Single Quantum Coher-
ence (HSQC) NMR spectroscopy has proven to be extremely
powerful, for example, for further refinement and expansion of
the types of lignin linkages,"” providing particular insight into
the different ether linkages and aromatic units in the lignin
structure.'®>' A library of typical lignin structures is now
available.?” In addition to identification, quantification of the
linkages is also highly desired. However, this is not straight-
forward with 2D HSQC. Good signal to noise ratios are essen-
tial, demanding long experimentation times or highly
sensitive, expensive equipment. The signal response quality is
also strongly influenced by experimental parameters, such as
relaxation rates, carbon pulse offsets, and coupling constant
multiplicity and magnitude.'®>*?>* Although quantitative pulse
sequences have been developed,””*" the 2D NMR data
obtained only allow relative quantification, since the guaiacyl
and syringyl aromatic signals are often used as internal stan-
dards. *'P NMR is often employed for functional group ana-
lysis, as it allows separate quantification of alcohols,
(condensed) phenolic, and carboxylic acid groups in lignin. It
requires a wet chemical derivatisation step with, for example,
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane prior to
NMR analysis.>®

Despite the multitude of available analytical techniques,
the aromatic composition and inter-unit linkages in technical
lignins are still not unequivocally established. For example,
the S/G/H ratios and the amount of linkages determined by
wet-chemical methods or by NMR do not agree with each
other.»?*® In addition, even for the same technique, values
can vary significantly depending on the parameters chosen,
especially for SEC and NMR studies. Clearly, further standard-
isation of analysis protocols is needed.

This journal is © The Royal Society of Chemistry 2016
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The objective of this study is to determine and compare the
structure of technical lignins obtained by different isolation
methods. Six lignins have been selected to cover the main
lignin production methods. These include two commercial
lignins, i.e. softwood Kraft lignin (Indulin AT) and a mixed
straw/grass soda lignin (Protobind 1000).>” In addition, three
organosolv lignins have been studied, isolated with an
ethanol-based process from wheat straw (OS-W), poplar (OS-P)
and spruce (0S-S).'"*?*® The widely studied Alcell organosolv
lignin was used for benchmarking. The lignins are analysed
with respect to composition, by FT-IR, pyrolysis-GCMS, quanti-
tative *'P NMR and 2D HSQC NMR. Additionally, the molar
mass distribution has been studied with various SEC systems,
including known and new eluents, columns, and calibration
standards. The combined data provide valuable information
on the structure and composition that will aid future lignin
valorisation efforts.

Results and discussion

Lignin composition

The chemical composition of the lignins used is shown in
Table 1 and is in accordance with previous studies.'>*®2°
Replicate analyses in two laboratories showed excellent repro-
ducibility (Tables S3 and S47). As expected, the chemical com-
position of the lignins depended on the feedstock as well as
on the isolation process. The total content of AIL and ASL,
ash-free lignin, varied from 90.5 to 96.3. The highest lignin
contents were observed for the organosolv lignins, the lowest
for the soda lignin. The amount of residual carbohydrates
varied between 0.2 and 2.4 wt% depending on the type of
lignin. Alkaline lignin contained more residual sugar than
organosolv lignin. These carbohydrates may originate from
(poly)saccharides still covalently bound to the lignin as in the
Lignin-Carbohydrate Complex (LCC)'* or from carbohydrates
that are trapped during the lignin precipitation step and
finally end up non-covalently bound in the lignin after
drying."" The higher purity of organosolv lignins is in line with
previous studies.’"*° Surprisingly, glucomannan, the predomi-
nant constituent of softwood hemicellulose, was not found in
the Indulin Kraft lignin in contrast to previous studies.®" Xylan
was present in all lignins, contrary to arabinan and mannan,
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which were exclusively found in wheat straw and spruce lignin,
respectively. The relatively high amount of xylan found in the
alkaline lignins, soda P1000 in particular, shows that cleavage
of the LCC is less complete for alkaline lignin pulping com-
pared to organosolv pulping. Information on residual sugars is
important, as these may impact further (catalytic) lignin valori-
sation. Carbohydrate derivatives have been shown to inhibit
hydrodeoxygenation of the lignin model compound guaiacol,
for example.*?

Also, the amount of ash and its composition depended on
the feedstock and isolation method. Organosolv lignins
showed remarkably low ash contents. Typically, straw and
grass contain more minerals per dry weight than wood. In
addition, the higher ash content in alkaline lignin may partly
originate from salts included after the neutralisation of alka-
line liquor during precipitation. Next to sulphur, the most
abundant elements in the ash include sodium, potassium and
silicon (Table S51). In addition, significant amounts of alu-
minium, calcium, magnesium, and iron are detected. It has
been reported that the presence of small amounts of alkali
and alkaline earth metals can influence cellulose pyrolysis
efficiency.”® While no such data is available for lignin yet,
similar effects may be expected. Another possible detrimental
effect prohibiting valorisation of lignin may be the accumu-
lation of minerals on a catalyst material, which may affect its
activity, as has been shown for the fast pyrolysis of pine
wood.**

Sulphur is of course a well-known poison for many of the
catalysts typically used in hydrogenolysis/hydrodeoxygenation
reactions,® and its presence in lignins can thus influence
reductive lignin depolymerisation methods. The highest
amount of sulphur was detected in Kraft lignin, as a result of
the Na,S that was present during pulping. Surprisingly, also in
the soda P1000 lignin approximately 1 wt% of sulphur was
detected. In this case, the sulphur may originate from sulphu-
ric acid used for the neutralisation step required for lignin pre-
cipitation. A very small amount of sulphur (0.1 wt%) was
detected in the organosolv wheat straw lignin, which probably
emerges from H,SO, that was used as a catalyst in the process.

Chemical structure

Pyro-GC-MS. Pyro-GC-MS has been shown to be a useful
tool for lignin structure elucidation.”'>?® The aromatic com-

Table 1 Composition of the lignin samples used in this study, expressed in weight percentage and based on dry weight®

Lignin Carbohydrates”

AIL® AsL? Arabinan Xylan Galactan Glucan Mannan Sum Ash Sum Sulphur
Indulin Kraft 90.3 1.9 0.1 0.6 0.6 0.1 <0.1 1.4 2.6 96.2 1.7
Soda P1000 85.1 5.4 0.2 1.5 0.2 0.5 <0.1 2.4 2.5 95.5 1.1
Alcell 94.3 1.9 <0.1 0.1 <0.1 0.1 <0.1 0.2 <0.1 96.4 0.0
OS-W 94.1 0.9 0.1 0.2 <0.1 0.2 <0.1 0.5 <0.1 95.6 0.1
OS-P 94.3 1.6 <0.1 0.2 <0.1 0.1 <0.1 0.3 <0.1 96.1 0.0
OS-S 95.5 0.8 <0.1 0.2 <0.1 0.3 0.6 1.1 <0.1 97.4 0.0

“ Error analyses are reported in Table S3. ? Expressed as polysaccharide. ¢ AIL: acid insoluble lignin. ¢ ASL: acid soluble lignin.

This journal is © The Royal Society of Chemistry 2016
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ponents identified using Pyro-GC-MS reflect the botanical
origin of the lignins, for instance (Fig. S1 and Table S67). For
both softwood lignins, Indulin Kraft and OS-S lignin, the
major aromatic components identified are guaiacols, in
decreasing order of abundance: 4-methylguaiacol (creosol) >
guaiacol > 4-ethylguaiacol > p-vinylguaiacol. The relatively high
occurrence of 4-ethylguaiacol found in this study is remarkable
when compared to previous studies.'>*® The possible for-
mation of p-vinylguaiacol upon pyrolysis from ferulates as
reported previously'® can be excluded for both softwood lignins,
given the absence of ferulic acid signals in their 2D NMR
spectra (Table 3). In addition to the guaiacols, also demethyl-
ated aromatics, such as phenol and catechol, most probably sec-
ondary products formed during pyrolysis, were identified.

For hardwood lignins, Alcell and OS-P lignin, the three
major components identified were: 4-methylsyringol > syringol
> 4-methylguaiacol. A remarkably high amount of phenol was
found for OS-P lignin. This might result from the degradation
of p-hydroxy benzoate units upon pyrolysis (see also the NMR
section). Also the pyrograms for both herbaceous lignins,
P1000 and OS-W lignin, were similar and in line with previous
data for P1000." Key components identified included p-vinyl-
guaiacol (possibly partly derived from ferulates,'® Fig. 3),
4-methylguaiacol, syringol, guaiacol and 4-methylsyringol.
Notably, 4-vinylphenol, identified in previous work as a major
aromatic component,'® was not detected here. Acetic acid and
furfural were commonly detected for all samples (Table S67).
Herein, furfural may result from pyrolysis of residual carbo-
hydrates as well as from the decomposition of lignin-furan
condensation products that were formed during the organo-
solv pretreatment.?” Acetic acid may originate from the partial
acetylation of the y-carbons of lignin.'® In addition, various
saturated and unsaturated fatty acids were found for all
lignins, except for Kraft lignin (Table S6t). Hexadecanoic acid
(palmitic acid) was the most abundant one. Fatty acids are
commonly present in plants, especially in herbaceous biomass
and the bark of trees and are part of the ‘extractives’
(Table S17). Apparently, (derivatives of) fatty acids are resistant
to the process conditions applied during organosolv and alka-
line pretreatment. Cutin, a fatty acid-based waxy polymer
found on aerial surfaces of plants, has been reported pre-
viously to persist thermochemical treatments of wheat straw.>®
The (ethyl esters of) fatty acids may have co-precipitated with
the lignin or originated from fatty acid-lignin condensation
products formed during organosolv pulping.

3'p NMR. Aliphatic alcohols, phenolic 5-substituted-OH,
guaiacyl-OH, p-hydroxy-OH, and carboxylic acid groups present
in lignin can be distinguished and quantified by *'P NMR
after phosphitylation.>® Spectral integration limits and assign-
ments are based on recent work by Balakshin et al*® These
authors suggested that combined signal integration of syringyl
and condensed 5-substituted phenolic units, prevents the over-
estimation of S-units and underestimation of G-condensed
units. In addition, they claimed that the use of cholesterol
and cyclohexanol, the most commonly used internal standards
in lignin *'P studies, lead to an underestimation of OH groups
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of as much as 20%. Therefore, it was suggested to use endo-
N-hydroxy-5-norbornene-2,3-dicarboximide as internal stan-
dard instead.*® However, the latter compound was reported
not to be stable in the sample preparation mixture, unlike
cholesterol, which is stable under the applied conditions for at
least 16 h.>®> We therefore still chose to use cholesterol and
cyclohexanol as internal standards. The *'P NMR spectra of
the phosphitylated lignins are shown with chemical
shift assignments in Fig. 1. Table 2 shows the amount of
hydroxyl groups expressed in mmol of functional groups per
gram of dry lignin as determined from the *'P NMR spectra.
Taking into account the results of Balakshin et al.,* we only
report the total 5-substituted phenolic -OH and do not differ-
entiate between S units and G-condensed units. Measurements
in two laboratories showed fair reproducibility, providing
results that are in line with previous studies (Tables S7 and
S81). 144041

The distribution of phenolic OH-groups is directly corre-
lated with the natural abundance of the S/G/H units in the
biomass. For example, herbaceous lignins, such as soda P1000
and OS-W, were the richest in p-hydroxyphenyl groups. High
amounts of 5-substituted OH were observed for the hardwood
lignins, Alcell and OS-P, while for the softwood lignins,
Indulin Kraft and OS-S, only a weak signal was observed in the
5-substituted OH region. Note that, the protolignins of these
softwoods do not contain syringyl units and are exclusively
composed of guaiacyl and p-hydroxyphenyl units. As evidenced
by Balakshin et al, the signals detected for these lignins
between 140.5-144.5 ppm correspond only to 5-condensed
guaiacyl units.>® In the literature, similar amounts of 5-substi-
tuted OH can be found for softwood Kraft lignin, with values
of 1.3 and 1.9 mmol g ' being reported.*>** In addition,
higher G-OH values were found for the softwood lignins. The
higher H-OH amounts found in herbaceous lignins may be
related to the high p-coumarate contents (see HSQC NMR data
below). The total amount of phenolic hydroxyls are similar to
the data reported in the literature for organosolv and Kraft
lignin.**'** Lower values were found in lignins from milder
pretreatments such as milled wood or enzymatic pulping
(0.70-1.2 mmol g~ ").***> Heikkinen et al. recently identified
other covalently-bound phenolic structures in wheat straw
lignin, tricin, in particular.*® Such units were indeed also
detected in OS-W.

The broad peak between 145.5 and 149.5 ppm originates
from hydroxyl groups on the aliphatic lignin side chains and
carbohydrate hydroxyl groups.*® The carboxylic acid groups
revealed by *'P NMR may originate from adventitious oxidation
during or after pulping or from associated components such
as fatty acids in the lignin.*” Unfortunately, the differences in
chemical shifts of such carboxylates are too small to differen-
tiate. As previously reported,’®*"*® carboxylic acid groups are
present in significant amounts in Indulin Kraft, soda P1000,
Alcell and OS-W lignins. It is important to keep in mind the
selectivity limitations of the *'P method. For example, the pres-
ence of aldehyde groups in the lignin structure may lead to an
overestimation of the total amount of hydroxyls.””° In

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C5GC03043A

Open Access Article. Published on 10 February 2016. Downloaded on 7/21/2025 4:33:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

View Article Online

Paper

Is Gualacyl OH Carboxylic
MeO OMe _acd
Aliphatic OH p-Hydroxy OH
—— 5- substltuted OH
W f Tricin units
——
/ﬁb -
Indulin
Kraft
149 147 145 143 141 139 137 135 133

5 (ppm)

Fig. 1 Functional group analysis of the lignins under study by quantitative *'P NMR measurements after phosphitylation.

Table 2 Content in hydroxyl groups of lignins quantified by *'P NMR using cholesterol as internal standard and expressed in mmol of functional

group per g dry lignin?

Aliphatic OH 5-Substituted OH Guaiacyl OH p-Hydroxyphenyl OH Total PhOH COOH Free COOH/tricin”
Indulin Kraft 1.79 1.31 1.30 0.16 2.77 0.33 0.05
Soda P1000 1.26 1.73 0.73 0.40 2.86 0.80 0.14
Alcell 1.04 1.68 0.58 0.11 3.30 0.22 0.00
OS-W 1.27 1.24 0.92 0.38 2.54 0.21 0.20
OS-P 0.80 1.83 0.58 0.18 2.59 0.07 0.00
OS-S 1.43 1.21 1.44 0.08 2.73 0.06 0.00

“ Equivalent results obtained with cyclohexanol as internal standard and an error analyses are reported in Table S3. ” Tricin units were quantified

by integration of the peak at 136.4 ppm.

addition, the thiol groups present in the alkaline lignins can
also react with the phospholane reagent leading to thiol-
phospholane compounds;®' further investigations are needed
to assign their chemical shift.

The relatively high phenolic OH to aliphatic OH ratios
measured indicate that substantial cleavage of phenolic ether
linkages and subsequent recondensation via non-classical lin-
kages have occurred during pulping. Indeed, this is also evi-
denced by the large amount of 5-substituted OH groups that
are detected, suggesting recondensation via new ether bonds
and C-C coupled units. It should finally be noted that, while
the *'P NMR spectra provide useful information on the lignin
structure, one has to be cautious with drawing strong con-

This journal is © The Royal Society of Chemistry 2016

clusions from the data, in particular, given the overlap of S
and G-condensed units.

2D NMR. The lignins were investigated by quantitative
CPMG-improved Q-CAHSQC 2D NMR measurements.>> The
latter method compensates for the influence of /ey and Jyy
couplings on signal volumes. The interscan delay was opti-
mised to 6 s, allowing full relaxation of the signals of interest
in the aliphatic oxygenated and aromatic regions. To reduce
the total experiment time, the number of increments was
reduced, compared to the original study.>> The use of a cryop-
robe in combination with high lignin concentrations assured
high signal-to-noise ratios. The influence of zero-filling, apodi-
sation and linear prediction parameters was assessed to

Green Chem., 2016, 18, 2651-2665 | 2655
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improve spectral resolution without affecting signal intensi-
ties. Synthetic model compounds containing f-f and p-O-4 lin-
kages allowed validation of the quantitative nature of the
analysis (Table S91). Reproducibility of quantification, the
influence of spectral processing, and standard deviations were
determined as discussed in the ESL.{ Four regions of interest
were considered: (i) the aliphatic side chain region (6¢/8u
5-38/0.5-2.8), (ii) aliphatic oxygenated side chain region (5¢/5y
50-90/2.5-5.8), (iii) aromatic/unsaturated region (5¢/6y 90-150/
5-8.5), and (iv) aldehyde region (6¢/8y; 170-210/9-10).

(i) In the aliphatic side chain region significant differences
were observed for the various lignins (Fig. S2t). The cross
peaks that could be identified in this region provided infor-
mation on the presence of various fatty acids, in line with the
pyro-GC-MS data. However, little information could be
obtained on the other dominant linkages present. The aro-
matic and aliphatic oxygenated side chain regions of the
recorded spectra are in agreement with previous work and
peaks were assigned accordingly.'®*"**> A common method to
quantify lignin HSQC spectra makes use of the aromatic units
as internal standard.'® The number of inter-unit linkages can
then be quantified either by using the signal intensity from
the entire aromatic region®® or from selected syringyl and
guaiacyl peaks.'”?**® The latter method was chosen here to
express the abundance of the linkages (A: p-O-4, B: p-5 and
C: p-p) and substructures per 100 aromatic units (Ar).

(ii) Aliphatic oxygenated side chain region. The oxygenated
side chain part of the HSQC spectra of the six lignins is
depicted in Fig. 2. The cross peak assignments and the corres-
ponding abundances of the inter-unit linkages are reported in
Table S101 and Table 3, respectively. As expected from the pro-
tolignin structure, the presence of methoxy groups is pro-
nounced in all lignin spectra. The relatively high xylan
contents in soda P1000 lignin (Table 1) was confirmed by 2D
NMR at 3.1/73.1, 3.3/73.9 and 3.6/75.6 ppm (Fig. 2b, black
spots). The presence of xylan in other lignins could not be con-
firmed. The f-aryl-ether (A: $-O-4), phenylcoumaran (B: p-5)
and resinol (C: p-f) linkages were omnipresent. However, their
relative abundance strongly varied and correlated with the iso-
lation process. The amount of these linkages found in the
commercial lignins (Indulin Kraft, soda P1000 and Alcell) is
lower than in previous studies (Table S121).>** For the alka-
line lignins, the most abundant linkage, i.e. for those that can
be detected by HSQC, was the $-O-4 linkage (Table 4). Alcell
and OS-W lignin were the richest in p-aryl-ether linkages. The
signals for $-O-4 linkages were almost completely absent in the
spectra of OS-P and OS-S. Surprising from a chemical point of
view, higher amounts of the p-5 linkage were observed in the
organosolv lignins. In fact, this linkage was the most abundant
in OS-S lignin. It should be noted that the sum of the identified
linkages per 100 aromatic units is low, which means that most of
the inter-unit linkages in the technical lignins are not identified
in or detected by HSQC, which requires C-H fragments with
unique correlation patterns. Although linkages involving tertiary
and quarternary carbons have been quantified in native lignin
(i.e., dibenzodioxocin, 4-O-5), these are not (former) or only limit-
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edly (latter) seen here, suggesting a large increase in other
(tertiary or quaternary) C-C bond-based linkages after pretreat-
ment. An important conclusion therefore is that these technical
lignins have a low -O-4 content, as a result of the severe pulping
conditions applied. Similar results have been reported for other
soda, hydrotropic and organosolv lignins."">

The values found for OS-P lignin differ significantly from
the literature, however, as Bouxin et al.'* reported a substan-
tially higher total amount of inter-unit linkages for an organo-
solv poplar lignin. The differences may be explained by the
milder pulping conditions used by these authors. To put these
numbers in perspective, milled wood, cellulase-digested and
AFEX lignins contain between 35 to 65 $-O-4 linkages per 100
Ar units.'?"°® The acid-catalysed degradation of the inter-unit
ether linkages in the organosolv lignin is also evidenced by
the presence of a peak corresponding to a Hibbert’s ketone
structure (Hk). These structures were previously observed in
the HSQC NMR spectra of birch and Douglas fir dioxosolv
lignins.”” Given the emphasis put on f-O-4 cleavage in catalytic
lignin valorisation studies,” the low values clearly put an upper
limit on the efficiency of such strategies when applied on such
technical lignins. Thus, lignin valorisation or depolymerisation
strategies that specifically target the p-O-4 linkage are in need of
milder, but still effective, fractionation processes, such as organo-
solv processes that operate at lower process temperatures® or,
alternatively, need to be applied to protolignin, ie. use whole
biomass as the substrate (also called the ‘lignin-first’ approach).>

(iii) Aromatic/unsaturated region. Fig. 3 shows the aro-
matic/unsaturated part of the HSQC spectra of the six lignins.
The calculated amounts of aromatic units are presented in
Table 3. As expected, more guaiacyl components were found in
the two hardwood lignins. Syringyl cross peaks were not
observed in softwood lignins (Indulin Kraft and OS-S). The
softwood lignins also do not show the specific signature of the
4-0-5 linkage.** The HSQC NMR data thus aids the assignment
of the 5-substituted OH region of the *'P NMR of the all-G soft-
wood lignins, by excluding the presence of any 4-O-5 linkage.
The 5-5 condensed units that are expected to contribute to the
5-condensed OH region in the *'P NMR spectra, cannot be dis-
tinguished in the HSQC data, as its G2 signal overlaps with the
broad G2 signal of the unsubstituted guaiacyls. Higher
amounts of H units were detected in the alkaline lignins than
in the organosolv ones. This suggests that p-substituted units
are strongly modified by organosolv pulping, regardless of the
biomass. As for G units, condensation of H units in positions
3 or 5 with phenyl or phenoxy groups may occur during
pulping. Further NMR investigations on model compounds are
needed to determine the chemical shifts of such H-condensed
units. In all syringyl-containing lignins, a cross peak is
observed at 7.4/107.4 ppm which can be assigned to a-oxidized
S units."”'® However, the presence of any of the equivalent
a-oxidized G units could not be unequivocally established. The
signal observed at 7.5/111 ppm might correspond to the G2
cross peak of such an a-oxidized G unit, but the G6 signal that
should accompany this signal should then be found at a
higher field than observed (7.3 instead of 7.6 ppm).®>®! These

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Top: the main lignin side chain structures identified (A) p-O-4, (B) p-5, (C) p—p, yellow peaks correspond to OMe groups. Hibbert's ketone

and carbohydrate signals are also depicted; see Fig. 3 for the structure

labelled I; bottom: oxygenated aliphatic side chain (5c/6y 50-90/2.5-5.8)

regions in the 2D HSQC NMR spectra of lignin (a) Indulin Kraft, (b) soda P1000, (c) Alcell, (d) OS-W, (e) OS-P and (f) OS-S.

two peaks may also overlap with ferulate, which casts
additional doubt on the presence of a-oxidized G units.

The ['H;"*C] NMR data shows that both herbaceous lignins
(soda P1000 and OS-W) contain ferulate (Fa) and p-coumarate
units (Pca, Fig. 3). These units, natively present in grass and
cereal lignins, originate from acylation of lignin side chains

This journal is © The Royal Society of Chemistry 2016

with p-coumaric and ferulic acids and are connected via ester
and acetal linkages, respectively.'”®* The p-coumarate con-
tents, similar to previous reports,®®® were lower than those
quantified in enzymatic mild acidolysis lignin.*' In addition,
other end-groups, such as cinnamate units (I), were also found
in the lignins (Fig. 2 and 3). Finally, p-hydroxy benzoate groups
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Table 3 Quantification of side chains and aromatic units present in
lignins?

Indulin Soda

Kraft P1000 Alcell OS-W OS-P 0S-S
p-0-4? 6.1 3.4 5.3 4.3 01 0
p-5° 0.3 0 0.8 4.5 1.8 3.3
p-p° 1.0 0.7 2.8 0.1 1.1 0.2
Total ether side 7.4 4.1 8.9 8.9 3 3.5
chains”
Stilbenes (St)” 2.3 0 04 04 0O 0.7
p-Coumarate (Pca)” 0 3.2 0 2.2 0 0
p-Hydroxy benzoate 0 0 0 0 9.4 0
(Pb)’
Tricin (T)? 0 0 0 3.5 0 0
S° (%) 0 50 63 39 53 0
G (%) 97 39 37 58 47 100
H (%) 3 11 0 3 0 0
S/G ratio 0 1.3 1.7 0.7 1.2 0
H/G ratio 0 0.3 0 0.1 0 0

“ Error analyses are reported in Table S11. ” Expressed as a number per
100 aromatic units (S + G). “ Molar percentage (S + G + H = 100).

(PB), typical of angiosperm lignins,®® were indeed identified in
the organosolv lignin from poplar.

The intense peak observed in the aromatic region at 7.0/
126 ppm has previously been assigned to stilbene units.'***%°
We now confirm this by the 2D HSQC NMR spectra of the
model compound 1-methoxy-4-[2-(4-methoxyphenyl)ethenyl]
benzene, for which the olefinic cross peaks overlap well with
the lignin signal (Fig. 4, S3 and S4f%). Stilbenes (St) were
observed in most lignins, but not in soda P1000 and OS-P. The
large amount seen for Indulin Kraft lignin is remarkable.
It has been proposed that stilbenes originate from a $-O-4
linkage, and can be formed by coupling of quinone methide
and phenoxy radical intermediates.®”” The cross peaks at
6.2/99.1, 6.6/94.5 and 7.3/104.5 ppm have previously been
observed for enzymatic mild acidolysis lignin of wheat
821 and have been assigned to tricin. We only observed
tricin (T) in the OS-W lignin, in significant amounts, where it
seems to be covalently bound to the lignin structure. The
tricin seems to be partially lost after organosolv pulping. Pre-
viously, Heikkinen et al. quantified 13 tricin units per 100 aro-
matic units in EMAL, this value decreased to 2 after a steam
explosion treatment® and to 3.5 for our OS-W lignin.

(iv) The HSQC NMR analyses also provide insight into alde-
hyde functions present in the lignin macromolecule, some-
thing which has not yet been addressed in the literature. For
organosolv lignins an intense signal was observed at 6y/6¢ 9.6/
179 ppm (Fig. 4 and S5t). This signal is assigned to a furfural
derivative that is incorporated in the structure, since furfur-
aldehyde, 5-hydroxymethylfurfural and 5-(methoxymethyl)fur-
fural all resonate at 179 ppm (Fig. S6-S87). Such cross peaks
have not been observed for milled wood lignin.®® The presence
of a furanic aldehyde is further substantiated by the signal
seen at 7.5/123 ppm, which can be assigned to a furanic C-H
signal, in line with the chemical shift found for 5-substituted
furfurals. These furfural-type units arise from the sugar de-

straw
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hydration reactions that occur during the organosolv process;
the occurrence of lignin-furfural condensation has been
reported extensively for organosolv processes.>®?’

FT-IR. Analysis of the six lignins by FT-IR spectroscopy con-
firms the structural observations made above. Indeed, FT-IR
allows the lignins to be discriminated in terms of syringyl and
guaiacyl composition. The characteristic bands of syringyl
units at 1330 and 1117 cm™" are absent in softwood lignins
(Fig. S91), while the relatively high intensity at 1514, 1271 and
1032 cm™"' are related to guaiacyl units. Furthermore, two
bands in the out-of-plane vibration region of aromatic rings
can be found at 860 and 815 cm™". In the carbonyl region of
OS-W a strong, relatively sharp band at 1670 cm™" is observed,
that corresponds to the vibration of a conjugated ketone.
Additional hydrogen bonding may be responsible for lowering
the frequency. This vibration is probably related to the double
conjugated carbonyl in the tricin units found for this lignin
only. At 965 cm™", a weak band can be observed only in the
Indulin, OS-W and OS-S lignins, which may be assigned to the
out-of-plane deformation of trans double bonds. Such a trans
double bond is present in stilbene units, which have been
identified only in these lignins by NMR. In the case of soda
P1000 lignin two bands were observed at 2917 ecm ' and
2850 cm™', which may be related to the fatty acid derivatives
that are contained in this lignin.

Taken together, the multi technique approach used provided
important insights into the different (sub)structures of the tech-
nical lignins. The distributions in aromatic units (S, G, H) and
hydroxyl groups showed the presence of substantial amounts of
condensed units. In addition, degradation products, such as
stilbenes and an ether-linked furfural, have been identified.
Notably, the low total amount of linkages quantified in the
present study suggests that most of the lignin linkages can
actually not be observed by HSQC NMR, and different
approaches need to be developed to elucidate their structure.
In any case, the low abundance of cleavable aryl-ether bonds
needs to be considered when devising lignin valorisation
strategies.

Molar mass distribution

The molar mass distribution of the lignins was determined
using Size Exclusion Chromatography (SEC). Without the avail-
ability of proper lignin standards, this technique provides rela-
tive molar mass values for lignin at best. Previously, a number
of studies aimed to address the issue of standardisation and
the difficulties associated with lignin molar mass determi-
nation using SEC.'®®*® The observed molar mass heavily
depends on the experimental set-up used, including the type
of columns and eluent, as well as on the calibration and calcu-
lation methods applied.’*'® Commercial and lignin-compati-
ble SEC systems and columns are now available making
comparison of data a great deal easier. The objectives of the
SEC analyses described here, were to obtain the molar mass of
the six lignins under identical conditions and to assess labora-
tory- and method-dependence of the reproducibility of molar
mass determination. For this purpose, a (mini) round robin

This journal is © The Royal Society of Chemistry 2016
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within three laboratories has been conducted to compare nine
different methods (Tables 4, S13, S14t1 and Fig. 5). Herein,
three different eluents were used, ie. alkaline water, tetra-
hydrofuran and hexafluoroisopropanol. This latter eluent has
been used for the molar mass analysis of polyesters, but not

This journal is © The Royal Society of Chemistry 2016

yet for lignin.”®””? Different systems were compared, such as

home-packed versus commercial columns and, depending on
the system used, different calibration standards (polystyrene,
(PS); sodium polystyrene sulphonates, (SPS); or poly(methyl
methacrylate), (PMMA)) were applied. Lignin solubility in
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organic solvents, such as THF, is limited and any data thus
obtained will not be representative for the whole sample.
Acetylation of lignin solves this problem, since acetylated
lignin is fully soluble in THF."®

The SEC measurements in alkaline media were performed
with four different columns; one of these methods included
the use of home-packed columns, prepared in two laboratories
(method A and A’). While absolute M,, values found with A and
A’ differed, the trend in M, was the same for both methods.
These differences are most likely due to small differences in
column packing and data handling. Methods B and C make
use of two different commercial columns instead. The differ-
ences seen in absolute values show the effect of the stationary
phases of the columns, although the general trend is again the
same. The addition of a second column resulted in a slightly
lower average molar mass (method C versus method D). This
combined column system expectedly allowed for a better separ-
ation and hence should provide more reliable molar mass dis-
tribution data. Three different THF-based methods (F-H) were
compared to evaluate the influence of column choice and cali-
bration method. Molar masses similar to the alkaline SEC
methods were obtained with method F. Rather surprisingly,
method G afforded much lower molar mass values (between
600-1000 g mol™"). A comparison of method G and H shows
that higher M, values are obtained with PMMA (method H)
than with PS (G), under otherwise identical conditions.

Finally, hexafluoroisopropanol (HFIP) was investigated as a
new eluent for lignin molar mass determination, with both
lignin and acetylated lignin (method E and E', respectively).
HFIP is expensive, but can be recovered and has the major
advantage of easily dissolving (bio)polymers at room
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temperature.”’”* Indeed, all six lignins were completely dis-
solved in HFIP without the need for derivatisation. The molar
masses obtained with method E were considerably (1.5-8
times) higher than those recorded with the other methods.
This could reflect differences in hydrodynamic volumes, which
may be considerably different in HFIP. Interestingly, the use of
this solvent allows one to study the effect of acetylation on
lignin M,, distribution. As with method E, the molar masses
obtained with acetylated lignins (method E’) are again (much)
higher than with the other methods. Other than that, no corre-
lation is observed between the values calculated for the acetyl-
ated and non-acetylated lignins. Even the order in M, is
different. This might be due to differences in acetylation
degree, as the lignins contain different amounts of -OH
groups that can be acetylated, as indicated by the *'P NMR
results (Table 2). It should be noted here that it is not yet clear
if HFIP is completely (chemically) inert towards (acetylated)
lignin. Further work is needed to elucidate this.

The above investigations show that the choice of eluent,
column type, calibration standard and lignin pretreatment, all
expectedly influence the M, determination. Data handling,
including peak integration strategy and choices made in cor-
rection for unretained materials also contributes to the differ-
ences. Indeed, a comparison of the GPC chromatograms
obtained with the different methods, shown for Alcell in
Fig. 5¢, shows how large the differences can be, with bimodal
distributions even being observed in some cases.

Based on the above observations, some recommendations
for molar mass determination of technical lignins can be
made. Among the alkaline systems studied, the new commer-
cially available columns seem to be a good alternative to
home-packed columns. Commercial columns give reproduci-
ble results and have found to be stable for at least one year of
continuous operation. Independent of the eluent, using a com-
bination of columns enhances separation power. The molar
masses obtained by the THF-based methods are more similar
to the ones obtained by alkaline SEC for the smaller polymers
(such as the organosolv lignins). This method might be pre-
ferred, but only when the complete lignin sample is soluble in
THF. When derivatisation of the lignin is required for full solu-
bilisation, other solvents are preferred, in particular, alkaline.
The use of HFIP as an eluent could bypass such solubility
issues, but requires a more detailed study. Given the above,
method D (0.5 M NaOH, PSS, 2 commercial columns) is con-
sidered as the preferred method for lignin molar mass com-
parison (see Fig. 5b). The molar mass of lignins obtained with
this method ranged from 4290 to 1960 g mol™" (Table 5), with
Indulin Kraft lignin exhibiting the highest value and the orga-
nosolv lignins showing the lowest. The average molar mass of
all organosolv lignins was lower than that for the Alcell lignin
standard. No significant effect of the biomass source was
found on the average molar mass of the organosolv lignins.
However, it does have a significant effect on the M, distri-
bution, for example OS-P contains a much larger fraction of
low M,, components than the others (Fig. 5b). Independent of
the SEC method chosen, the average M, of the lignins

This journal is © The Royal Society of Chemistry 2016
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with method D, (c) SEC chromatograms of Alcell lignin (non-acetylated) measured with different SEC methods (see Table 4 for method details).

Table 4 Analytical details of the SEC methods employed

Method Solvent Column(s) Column M,, specifications (g mol ™) Standard” Acetylated lignin
A 0.5 M NaOH Home-packed 1000-700 000 SPS No

A“ 0.5 M NaOH Home-packed 1000-700 000 SPS No

B 0.5 M NaOH PSS MCX 100-35 000 SPS No

C 0.5 M NaOH TSKgel GMPWxI 500-8 000 000 SPS No

D 0.5 M NaOH 2 x TSKgel GMPWxI 500-8 000 000 SPS No

E/E' HFIP PSS PFG 100-1 000 000 PMMA Nolyes

F THF 3 x PL-gel mixed-E Up to 25 000 PS Yes

G THF 2 x GMHhr-M 100-3 000 000 PS Yes

H THF 2 x GMHhr-M 100-3 000 000 PMMA Yes

“Method A’ is identical to method A, but was run at a different laboratory. ”SPS: sodium polystyrene sulphonate; PMMA: poly(methyl

methacrylate); PS: polystyrene.

decreases in the order: Indulin Kraft > soda P1000 > Alcell >
OS-W ~ OS-P ~ OS-S. The polydispersity indices (PD) followed
the same trend; the highest PD was observed for the Indulin
Kraft lignin and the lowest for the organosolv lignins (8.1 and
3.8 respectively). These molar masses are in good agreement
with previous studies and can be directly correlated with the
severity of the pretreatment. For example, molar masses of
alkaline lignin have been reported in a range between 6700
and 7200 g mol .**7*7% The M,, range found for organosolv
lignins, having been more fragmented by the pulping process,
is significantly lower (2800-1000 g mol™*).”*””

This journal is © The Royal Society of Chemistry 2016

Table 5 Molar masses (M,,, M,,) expressed in g mol™ and polydispersity
(PD) of lignins measured with the SEC method D. See Table 4 for
method details

M, M, PD
Indulin Kraft 4290 530 8.1
Soda P1000 3270 620 5.2
Alcell 2580 600 4.3
0S-W 1960 450 4.4
0S-P 2180 570 3.8
08-S 2030 420 4.9

Green Chem., 2016, 18, 2651-2665 | 2661
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Conclusions

Lignin’s structural complexity and its dependence on feed-
stock and isolation process require comprehensive characteris-
ation in order to assess which (catalytic) depolymerisation
method or which materials application is most suited for the
particular lignin at hand and vice versa. To illustrate this, six
lignins have been extensively characterised using a multitech-
nique approach, covering hardwood, softwood and grass
lignins obtained by three common (industrial) isolation
methods, Kraft, soda and organosolv pulping. These technical
lignins have been analysed in terms of composition, by FT-IR,
pyrolysis-GCMS, quantitative >'P NMR and 2D HSQC NMR.
Additionally, the molar mass distribution has been studied
with various SEC systems, including different eluents,
columns, and calibration standards. The most salient features
of each of the lignins studied are summarised in Table 6.

Most notably, the very low abundance of cleavable f-ether
bonds and of the highly condensed nature of these technical
lignins needs to be considered when lignin valorisation strat-
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egies are devised. If lignin valorisation to renewable aromatics
is targeted, rather harsh depolymerisation conditions are
required for all lignins studied above to allow for sufficient
C-C bond cleavage. If recondensation can be controlled
under such conditions, high yields of a lignin oil of alkylphe-
nolics can be obtained, as was recently shown.”® The mono-
lignol composition will then contribute to how amenable a
lignin is to depolymerisation and will also determine the com-
plexity of the product palette after depolymerisation. With
regard to catalyst stability, the high purity of the organosolv
lignins may be advantageous, as ash components and carbo-
hydrate derivatives are expected to act as catalyst poisons. The
presence of sulphur in the lignin could be detrimental to
some, e.g. noble-metal based catalysts, but advantageous for
others, such as sulphided hydrodeoxygenation catalysts. For
material applications, the nature and amount of functional
groups and molar mass distribution will be of prime impor-
tance. The nature, the relative concentration and accessibility
of the hydroxyl groups in the lignin will determine its suit-
ability for specific applications and differs considerably over

Table 6 Summary of compositional and structural characteristics of the six technical lignins studied

Indulin Kraft Soda P1000 Alcell OS-W OS-P 0OS-S
Mixed
Softwood Straw/grass hardwood = Wheat straw Poplar Spruce
Composition/ Ash content (Wt%) 2.6 2.5 None/very ~ None/very low  None/very None/very low
elemental low low
analysis Sulphur content 1.7 1.0 None 0.1 None None
(wt%)
Other main Na, K Na, K Ca — — —
minerals
Carbohydrate Intermediate High Low Low Low Intermediate
content
Pyro-GC-MS High fatty acid High fatty
content acid contents
HSQC NMR General structure All technical lignins are highly condensed, few ether linkages remaining
Total ether 7.4 8.9 8.9 3.0 3.5
linkages (per 100
Ar units)
p-0-4>p-p p-O-4=p-5 B-5>p-p Almost
exclusively -5
Mainly p-O-4 Mainly $-O-4 Very low in ~ Very low in Very low in ~ Very low in
-5 p-p f-0-4 $-O-4 and p-p
Aromatic Exclusively G Sand G Sand G Sand G Sand G Exclusively G
composition
S/G/H ratio 0.00/0.97/0.03 0.50/0.39/0.11  0.63/0.37/ 0.39/0.59/0.03  0.53/0.47/ 0.00/1.00/0.00
0.00 0.00
Other components Ferulates Ferulates p-Hydroxy
p-Coumarates Tricin benzoates
p-Coumarates
Stilbenes 4 X 4 v x v
Furfural units x X 4 4 v v
*1p NMR General structure 5-Substituted OH signals suggest a high degree of condensation

High ratios of phenolic OH/aliphatic OH supports extensive phenol ether cleavage during pulping

Specific OH Highest ratio of High in Tricin units
aliphatic to phenolic  carboxylic detected
OH groups acids
SEC (method D) M, (g mol™") 4290 3270 2580 1960 2180 2030
PD 8.1 5.2 4.3 4.4 3.8 4.9
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the various samples. Desirable functional groups and M,, pro-
perties for use of lignins in, for example, phenol-form-
aldehyde resins, polyurethane foams, thermoplastics and as
antioxidants have been discussed.'*”® For example, a rigid
polyurethane foam has been prepared from lignins with a
similar phenolic OH contents to the technical lignins studied
here has.*

It is important to be aware of the limitations associated
with each of the analytical tools. For instance, most of the
inter-unit linkages in the technical lignins are actually not
detected by ['H;"*C]-HSQC NMR spectra, suggesting extensive
tertiary or quaternary carbon-carbon bond formation.
Different approaches are therefore needed to elucidate their
structure. Taken together, the differences in the ash and
sulphur content, functional group distribution, degree of con-
densation, organic impurities and molar mass distribution
provide valuable, although yet incomplete, information for an
educated selection when matching the choice of lignin feed
with materials application or a particular depolymerisation
process. In short, the large differences in the molecular struc-
ture compared to native lignin, the highly condensed nature of
the technical lignins and the plant- and pretreatment-specific
contaminations detected, all need to be taken into account.

Acknowledgements

This project has been performed within the framework of the
CatchBio programme. The authors gratefully acknowledge
financial support of NWO, the Smart Mix Programme of the
Netherlands Ministry of Economic Affairs and the Netherlands
Ministry of Education, Culture and Science. WH and RG
acknowledge additional funding from the Ministry of Econ-
omic Affairs as part of ECN’s biomass research programme.
KCPK (Centre of Competence Paper and Board) is kindly
acknowledged for supplying the poplar wood chips. Esther
Cobussen-Pool, Ben van Egmond, Dr Jaap van Hal and Dr Paul
de Wild (ECN) are acknowledged for their contribution to the
lignin characterisation work. Pascal Wijten and Dr Johann
Jastrzebski (Utrecht University) are thanked for their technical
support with the SEC and NMR measurements, respectively.
Dr Christopher Lancefield and Prof. Nicholas Westwood (Uni-
versity of St Andrews) are thanked for providing us with the
model compounds used for the HSQC NMR calibration. Dr
Pepijn Prinsen (University of Amsterdam) is acknowledged for
useful discussions on the HSQC spectra. Jacinta van der
Putten and Wouter Teunissen (WUR/FBR) are kindly acknowl-
edged for their contribution to the molar mass
determinations.

References

1 W.J. Liu, H. Jiang and H.-Q. Yu, Green Chem., 2015, 17,
4888-4907.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

2 J. Zakzeski, P. C. A. Bruijnincx, A. L. Jongerius and
B. M. Weckhuysen, Chem. Rev., 2010, 110, 3552-3599.

3 J. E. Holladay, J. J. Bozell, J. F. White and D. Johnson, Top
Value-Added Chemicals from Biomass Volume II—Results of
Screening for Potential Candidates from Biorefinery Lignin,
Pacific Northwest National Laboratory (PNNL), Richland
WA, USA, 2007, http://www.pnl.gov/main/publications/exter-
nal/technical_reports/PNNL-16983.pdf.

4 J. S. Lupoi, S. Singh, R. Parthasarathi, B. A. Simmons and
R. J. Henry, Renewable Sustainable Energy Rev., 2015, 49,
871-906.

5 A.J. Ragauskas, C. K. Williams, B. H. Davison, G. Britovsek,
J. Cairney, C. A. Eckert, W. ]J. Frederick, J. P. Hallett,
D. ]J. Leak, C. L. Liotta, J. R. Mielenz, R. Murphy,
R. Templer and T. Tschaplinski, Science, 2006, 311, 484-
489.

6 C. W. Dence and S. Y. Lin, in Methods in Lignin Chemistry,
ed. S. Y. Lin and C. W. Dence, Springer-Verlag, Berlin,
1992, pp. 1-6.

7 D. R. Dimmel, in Lignin and Lignans: Advances in Chemistry,
ed. C. Heitner, D. R. Dimmel and J. Schmidt, CRC Press,
Boca Raton, USA, 2010, pp. 1-10.

8 P. Azadi, O. R. Inderwildi, R. Farnood and D. A. King,
Renewable Sustainable Energy Rev., 2013, 21, 506-523.

9 P. Stockbuger, Tappi J., 1993, 76, 71-74.

10 E. K. Pye and J. H. Lora, Tappi J., 1991, 74, 113-118.

11 F. P. Bouxin, A. Mcveigh, F. Tran, N. ]J. Westwood,
M. C. Jarvis and S. D. Jackson, Green Chem., 2014, 17,
1235-1242.

12 S. Constant, C. Basset, C. Dumas, F. Di Renzo, M. Robitzer,
A. Barakat and F. Quignard, Ind. Crops Prod., 2015, 65, 180—
189.

13 J. L. Wen, B. L. Xue, S. L. Sun and R. C. Sun, J. Chem.
Technol. Biotechnol., 2013, 88, 1663-1671.

14 W. ]J. J. Huijgen, G. Telysheva, A. Arshanitsa,
R. J. A. Gosselink and P. J. de Wild, Ind. Crops Prod., 2014,
59, 85-95.

15 H. Li and A. G. McDonald, Ind. Crops Prod., 2014, 62, 67-
76.

16 R. J. A. Gosselink, A. Abicherli, H. Semke, R. Malherbe,
P. Kéduper, A. Nadif and J. E. G. Van Dam, Ind. Crops Prod.,
2004, 19, 271-281.

17 J. Ralph and L. L. Landucci, in Lignin and Lignans: Advances
in Chemistry, ed. C. Heitner, D. R. Dimmel and
J. A. Schmidt, CRC Press, Boca Raton, USA, 2010, pp.
137-243.

18 J. C. Del Rio, J. Rencoret, P. Prinsen, A. T. Martinéz,
J. Ralph and A. Gutiérrez, J. Agric. Food Chem., 2012, 60,
5922-5935.

19 J. L. Wen, S. L. Sun, B. L. Xue and R. C. Sun, Materials,
2013, 6, 359-391.

20 F. Tran, C. S. Lancefield, P. C. J. Kamer, T. Lebl and
N. J. Westwood, Green Chem., 2015, 17, 244-249.

21 H. Heikkinen, T. Elder, H. Maaheimo, S. Rovio,
J. Rahikainen, K. Kruus and T. Tamminen, J. Agric. Food
Chem., 2014, 62, 10437-10444.

Green Chem., 2016, 18, 2651-2665 | 2663


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C5GC03043A

Open Access Article. Published on 10 February 2016. Downloaded on 7/21/2025 4:33:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

22

23

24

25

26

27
28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

S. A. Ralph and L. L. Landucci, NMR Database Lignin Cell
Wall Model Compounds, http://ars.usda.gov/Services/docs.
htm?docid=10491.

M. Sette, H. Lange and C. Crestini, Comput. Struct. Bio-
technol. J., 2013, 6, €201303016.

M. Sette, R. Wechselberger and C. Crestini, Chem. — Eur. J.,
2011, 17, 9529-9535.

D. S. Argyropoulos, Res. Chem. Intermed., 1995, 21, 373-
395.

R. B. Santos, E. A. Capanema, M. Y. Balakshin, H. Chang
and H. Jameel, J. Agric. Food Chem., 2012, 60, 4923-4930.

A. Abécherli and F. Doppenberg, WO. Pat, 042912, 1998.

J. Wildschut, A. T. Smit, J. H. Reith and W. J. J. Huijgen,
Bioresour. Technol., 2013, 135, 58-66.

P. J. de Wild, W. J. J. Huijgen and H. J. Heeres, J. Anal. Appl.
Pyrolysis, 2012, 93, 95-103.

R. El Hage, N. Brosse, L. Chrusciel, C. Sanchez,
P. Sannigrahi and A. Ragauskas, Polym. Degrad. Stab., 2009,
94, 1632-1638.

J. W. Choi, D.-H. Choi and O. Faix, J. Wood Sci., 2007, 53,
309-313.

A. A. Dwiatmoko, S. Lee, H. C. Ham, J.-W. Choi, D. J. Suh
and J.-M. Ha, ACS Catal., 2015, 5, 433-437.

P. R. Patwardhan, J. A. Satrio, R. C. Brown and
B. H. Shanks, Bioresour. Technol., 2010, 101, 4646-4655.

G. Yildiz, F. Ronsse, R. Venderbosch, R. van Duren,
S. R. A. Kersten and W. Prins, Appl. Catal., B, 2015,
168-169, 203-211.

J.-P. Lange, Angew. Chem., Int. Ed., 2015, 54, 13186-
13197.

S. Wang, B. Ru, H. Lin, W. Sun and Z. Luo, Bioresour.
Technol., 2015, 182, 120-127.

W. ]. J. Huijgen, J. H. Reith and H. Den Uil, Ind. Eng. Chem.
Res., 2010, 49, 10132-10140.

S. Habets, P. J. de Wild, W. ]. J. Huijgen and E. R. H. van
Eck, Bioresour. Technol., 2013, 146, 585-590.

M. Balakshin and E. Capanema, J. Wood Chem. Technol.,
2015, 35, 220-237.

C. G. Boeriu, F. L. Fitigdu, R. J. A. Gosselink, A. E. Frissen,
J. Stoutjesdijk and F. Peter, Ind. Crops Prod., 2014, 62, 481-
490.

B. Joffres, C. Lorentz, M. Vidalie, D. Laurenti,
A. A. Quoineaud, N. Charon, A. Daudin, A. Quignard and
C. Geantet, Appl. Catal., B, 2014, 145, 167-176.

A. P. Dodd, J. F. Kadla and S. K. Straus, ACS Sustainable
Chem. Eng., 2015, 3, 103-110.

T. Saito, ]J. H. Perkins, F. Vautard, H. M. Meyer,
J. M. Messman, B. Tolnai and A. K. Naskar, ChemSusChem,
2014, 7, 221-228.

B. B. Hallac, Y. Pu and A. J. Ragauskas, Energy Fuels, 2010,
24, 2723-2732.

J. L. Wen, S. L. Sun, T. Q. Yuan, F. Xu and R. C. Sun,
J. Agric. Food Chem., 2013, 61, 11067-11075.

D. S. Argyropoulos, in Lignin and Lignans: Advances in
Chemistry, ed. C. Heitner, D. R. Dimmel and J. Schmift,
CRC Press, Boca Raton, USA, 2010, pp. 245-265.

2664 | Green Chem., 2016, 18, 2651-2665

47

48

49

50

51

52

53

54

55

56

57

58

59

60
61

62

63

64

65

66

67

68

69

70

71

View Article Online

Green Chemistry

Z.-H. Jiang, D. S. Argyropoulos and A. Granata, Magn.
Reson. Chem., 1995, 33, 375-382.

C. A. Cateto, M. F. Barreiro, A. E. Rodrigues, M. C. Brochier-
Salon, W. Thielemans and M. N. Belgacem, J. Appl. Polym.
Sci., 2008, 109, 3008-3017.

Y. Archipov, D. S. Argyropoulos, H. I. Bolker and
C. Heitner, J. Wood Chem. Technol., 1991, 11, 137-157.

A. Spyros and P. Dais, J. Agric. Food Chem., 2000, 48, 802-
805.

R. S. Edmundson and A. J. Lambie, J. Chem. Soc. C, 1966,
21, 1997-2001.

H. Koskela, I. Kilpeldginen and S. Heikkinen, J. Magn.
Reson., 2005, 174, 237-244.

J. Zeng, G. L. Helms, X. Gao and S. Chen, J. Agric. Food
Chem., 2013, 61, 10848-10857.

E. A. Capanema and M. Y. Balakshin, WO Pat, 144746,
2014.

Z. Strassberger, P. Prinsen, F. van der Klis, D. S. van Es,
S. Tanase and G. Rothenberg, Green Chem., 2015, 17, 325-
334.

K. Gabov, R. J. A. Gosselink, A. I. Smeds and P. Fardim,
J. Agric. Food Chem., 2014, 62, 10759-10767.

C. S. Lancefield and N. J. Westwood, Green Chem., 2015, 17,
4980-4990.

A. T. Smit, R. J. H. Grisel and W. J. J. Huijgen, WO Pat,
009145, 2015.

S. Van den Bosch, W. Schutyser, R. Vanholme, T. Driessen,
S.-F. Koelewijn, T. Renders, B. De Meester, W. J. J. Huijgen,
W. Dehaen, C. M. Courtin, B. Lagrain, W. Boerjan and
B. F. Sels, Energy Environ. Sci., 2015, 8, 1748-1763.

H. Kim and J. Ralph, Org. Biomol. Chem., 2010, 8, 576-591.
S. D. Mansfield, H. Kim, F. Lu and J. Ralph, Nat. Protoc.,
2012, 7, 1579-1589.

F. Lu and J. Ralph, in Cereal Straw as a Resource for Sustain-
able Biomaterials and Biofuels: Chemistry, EXxtractives,
Lignins, Hemicelluloses and Cellulose, ed. R. Sun, Elsevier,
2010, pp. 169-198.

J. Rencoret, P. Prinsen, A. Gutiérrez, A. T. Martinez and
J. C. Del Rio, J. Agric. Food Chem., 2015, 63, 603-613.

M. Wu, ]J. Pang, X. Zhang and R. Sun, Int. J. Polym. Sci.,
2014, 2014, 10.

S. Cao, Y. Pu, M. Studer, C. Wyman and A. ]. Ragauskas,
RSC Adv., 2012, 2, 10925-10936.

E. A. Capanema, M. Y. Balakshin, C.-L. Chen, J. S. Gratzl
and H. Gracz, Holzforschung, 2001, 55, 302-308.

S. Li, K. Lundquist and U. Westermark, Nord. Pulp Pap. Res.
J., 2000, 15, 292-299.

E. A. Capanema, M. Y. Balakshin and J. F. Kadla, J. Agric.
Food Chem., 2005, 53, 9639-9649.

S. Baumberger, A. Abaecherli, M. Fasching, G. Gellerstedt,
R. Gosselink, B. Hortling, J. Li, B. Saake and E. de Jong,
Holzforschung, 2007, 61, 459-468.

T. H. Mourey and T. G. Bryan, J. Chromatogr., A, 2002, 964,
169-178.

S. Laun, H. Pasch, N. Longiéras and C. Degoulet, Polymer,
2008, 49, 4502-4509.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C5GC03043A

Open Access Article. Published on 10 February 2016. Downloaded on 7/21/2025 4:33:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

72 R. Mendichi, S. Russo, L. Ricco and A. Giacometti Schier-
oni, J. Sep. Sci., 2004, 27, 637-644.

73 S. Thiyagarajan, W. Vogelzang, R. J. I. Knoop, A. E. Frissen,
J. van Haveren and D. S. van Es, Green Chem., 2014, 16,
1957-1966.

74 L. Moghaddam, Z. Zhang, R. M. Wellard, J. P. Bartley,
I. M. O’Hara and W. O. S. Doherty, Biomass Bioenergy, 2014,
70, 498-512.

75 C. Rossberg, M. Bremer, S. Machill, S. Koenig, G. Kerns,
C. Boeriu, E. Windeisen and S. Fischer, Ind. Crops Prod.,
2015, 73, 81-89.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

76 M.-Q. Zhu, J.-L. Wen, Y.-Q. Su, Q. Wei and R.-C. Sun, Bio-
resour. Technol., 2015, 185, 378-385.

77 S. Bauer, H. Sorek, V. D. Mitchell, A. B. Ibafez and
D. E. Wemmer, J. Agric. Food Chem., 2012, 60, 8203-
8212.

78 X. Huang, T. I. Koranyi, M. D. Boot and E. J. M. Hensen,
Green Chem., 2015, 17, 4941-4950.

79 J. H. Lora and W. G. Glasser, J. Polym. Environ., 2002, 10,
39-48.

80 X. Pan and J. N. Saddler, Biotechnol. Biofuels, 2013, 6,
12-22.

Green Chem., 2016, 18, 2651-2665 | 2665


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C5GC03043A

	Button 1: 


