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Lignin is a promising candidate for the replacement of fossil-based materials, due to its natural abundance
and aromatic structure. This same structure poses major challenges to lignin's exploitation for material
development. The harsh conditions generally needed for its isolation make it susceptible to uncontrolla-
ble side reactions that limit its further upgrading and/or functionalization. Here, by using aldehyde-
assisted fractionation (AAF), we have extracted lignin while avoiding condensation reactions and, at the
same time, introduced new functional groups on the lignin in a single step. By using a multifunctional
aldehyde such as terephthalic aldehyde (TALD), we used acetal functionalization to prevent the dehydra-
tion and condensation of lignin's p-O-4 linkage and introduced an aldehyde on the lignin backbone. By
tuning the amount of TALD during the extraction process, we were also able to precisely control the
degree of chemical functionalization. We then exploited the reactivity of the newly functionalized bio-
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polymer to increase phenolation reactions yields in both acid and basic environment, in order to provide
better lignins for incorporation in phenol formaldehyde resins. These TALD-lignins were more reactive
than Kraft lignin or mild organosolv lignin extracted in an acid solution of 80% ethanol in water, which
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Introduction

Lignin, together with cellulose and hemicellulose, is one of
the main components of lignocellulosic biomass and is the
most abundant renewable source of aromatic functionalities
present in nature. Because of this, lignin is generally con-
sidered a promising sustainable alternative for producing aro-
matic fuels and materials that are currently derived from fossil
sources." One of the most promising uses of lignin is the
partial substitution of phenol and formaldehyde in PF resins,
given the similarities between lignin’s structure and that of
phenolic resins.> However, this same lignin structure poses
important challenges that ultimately hinder the use of this
biopolymer in material applications. Specifically, the two main
challenges are given by its irregularity, especially when iso-
lated, which makes consistent incorporation in these PF ther-
mosets difficult, and the low reactivity of its phenolic groups,
which limits crosslinking compared to pure phenol.>*
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could facilitate their use for developing more sustainable resins and materials.

Lignin is biosynthesized from three different C, aromatic
monolignols, namely coniferyl, sinapyl and p-coumaryl alco-
hols, that give rise to a heterogenous polymer formed respect-
ively by guaiacyl, syringyl, hydroxyphenylpropane units, where
the final composition of these units can vary depending on
the plant species.” The heterogeneity of lignin arises not only
from to the different monolignol composition, but also from
the variety of functional groups and chemical linkages that
bind these subunits together (Fig. 1a). Amongst these linkages,
the p-O-4 is the most abundant and, thus, the most targeted
for the depolymerization or for the chemical modification of
lignin.® In fact, aliphatic hydroxy groups, together with
residual phenolics, are prone to a variety of chemical reactions
that are widely used for targeted lignin functionalization but
also lead to condensation.”

Specifically, these hydroxy groups act as reactive species in
the strong acid or basic environments which are commonly
used to isolate lignin from the rest of the biomass.® This is the
case for organosolv lignin (OSL) extraction conducted in
organic solvents with acid catalysts,” or of Kraft lignin (KL)
which is generally separated from the rest of the biomass by
using a solution of sodium sulfide and sodium hydroxide at
temperatures between 150 °C and 180 °C.'° In these con-
ditions, lignin tends to condense, beginning with dehydration
reactions that remove the o hydroxy groups in the p-O-4 lin-
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d. PHENOLATION

Fig. 1 The structure of hardwood lignin and overview on the functionalization process of this paper. (a) Proposed structure of native lignin in hard-
wood. (b) The mechanism of condensation and repolymerization reactions of lignin treated in strong acid conditions. (c) The TALD assisted fraction-
ation mechanism and lignin structure described in this work. (d) The phenolation reactions of lignin performed in this paper.

kages. This dehydration causes the formation of reactive carbo-
cations that are prone to electrophilic substitution on the phe-
nolic rings. These resulting repolymerization reactions lead to
the formation of strong and new C-C linkages which are
highly recalcitrant to further upgrading, ie. they are very
difficult to break selectively or selectively functionalize''
(Fig. 1b). This recondensation, that occurs almost systemati-
cally with chemical lignin isolation, makes it very challenging
to control the chemical structure of the final isolated lignin
and ultimately the degree of functionalization that can be
achieved on the polymer.

The structure of native lignin and to an even greater extent,
that of isolated lignin, leads to low reactivity when used as a
phenol substitute in PF resins.'” This low reactivity mainly
occurs because the positions on the phenolic ring are more
occupied in isolated lignin and, to a lesser extent, native
lignin, compared to simple phenol.'® For this reason, functio-
nalizing conventionally isolated lignins to increase their reac-
tivity towards certain type of reactions is an approach that has
been extensively used to valorise this sustainable biopolymer
and make it more suitable to incorporation in materials.™

In particular, to increase the compatibility and reactivity of
lignin towards the synthesis of PF thermosets, while decreas-
ing its recalcitrance, many researchers have attempted to maxi-
mize the number of reactive sites of the biopolymer."> A well-
known reaction used to achieve this goal is phenolation
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(Fig. 1d). Generally, the preferred catalysts for phenolation are
strong acids, due to the possibility of performing electrophilic
aromatic substitution between phenol and the carbocations
that forms on the a or y position of the lignin, after dehydra-
tion at low pH (Fig. 1). A drawback of this approach is that
most of the PF resin are currently synthesized at high pH,
which requires a neutralization and/or lignin isolation step
necessary after acid-catalyzed phenolation.'®"”

In this context, we sought an avenue to both prevent the
condensation of lignin during isolation to provide a more
regular structure and create an avenue for improved lignin
functionalization. We have recently introduced a novel process
for extracting lignin, where we have shown that by simply
adding formaldehyde during the isolation of lignin, almost all
the $-O-4 bonds present in the biopolymer could be preserved
in the form of stable acetals."® Lan et al. then further demon-
strated that the same process could be extended to a variety of
other aldehydes."® By further taking advantage of the process
versatility, we wanted to develop the simultaneous isolation
and functionalization of the lignin using multifunctional alde-
hydes.*® Such aldehydes could stabilize the p-O-4 bonds via
the formation of acetals, and at the same time introduce novel
functional groups on the lignin scaffold (Fig. 1¢).*° In this
regard, the multifunctional aldehyde that is chosen should
carry functional groups that do not degrade under the acidic
condition of lignin isolation. Specifically, they should not

This journal is © The Royal Society of Chemistry 2021
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react/condense via aldol condensation due to the presence of
protons in the alpha position with respect to the aldehyde.*!

One possibility would be to use terephthalic aldehyde
(TALD), which cannot undergo aldol condensation due to the
presence of the aromatic group. TALD can also be sustainably
sourced or be easily synthesized from renewable precursors.
Indeed, Goulas et al. have recently reported that TALD could
be produced via the heterogeneously catalysed oxidation of di-
(hydroxymethyl) benzene, a molecule that can be synthesized
from 5-hydroxymethyl furfural (5-HMF) derivatives and there-
fore from renewable carbohydrates.>> Furthermore, Foyer et al.
showed that it was possible to obtain thermoset resins of
phenol with high thermal properties by substituting formal-
dehyde with TALD and conducting the reaction at high pH,
demonstrating the reactivity of this dialdehyde towards phenol
in basic conditions.*

Therefore, in this work, we sought to use TALD to extract
lignin at high yields while, at the same time, avoiding its con-
densation and precisely controlling the quantity of aldehydic
functionalization on the scaffold of the biopolymer. Moreover,
we performed phenolation reactions in both acid and basic
catalysis, comparing the result obtained with commercial Kraft
Lignin (KL) and a mild organosolv lignin (OSL) extracted in a
solution 80:20 ethanol:water for 5 h and using HCI as the
acid catalyst.

Results and discussion
Lignin extraction and characterization

TALD functionalized lignins (TALD-lignins) were extracted
from birch (Betula Pendula) wood chips based on a modified
procedure of our previously published aldehyde-assisted proto-
col.>* In this process, lignocellulosic biomass was mixed with
TALD at concentrations between 12.6 and 0.85 mmol g™* dry
biomass in an acid environment at 80 °C. These conditions
favoured acetal formation and led to the stabilized lignin
being solubilized into the organic solvent. Purified cellulose
remained as an insoluble fraction, which was easily isolated by
filtration. TALD-lignin could then be separated from the carbo-
hydrates and the unreacted aldehyde by precipitation in
diethyl ether. To perform control experiments, a OSL was also
extracted in 80% ethanol in water for 5 h at reflux using HCI as
a catalyst, following a protocol published by Zijlstra et al.>
(see S2.3 in ESIT), while KL was obtained from a commercial
source.

After the extraction, and without further treatments, iso-
lated TALD-lignin, OSL and KL were all subjected to hydroge-
nolysis to evaluate the effectiveness of the lignin extraction, as
the resulting monophenolic molecules yield is an indirect indi-
cator for the lack of condensation during extraction.>®?” The
hydrogenolysis results, reported on the basis of the Klason
lignin content in the original biomass, were then compared to
those of the direct hydrogenolysis of native birch wood (Fig. S4
and section S3.2 in ESIT). Direct hydrogenolysis of untreated
birch wood in THF produced 44.8 wt% of aromatic monomers.

This journal is © The Royal Society of Chemistry 2021
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In comparison, the hydrogenolysis of TALD, OSL and KL
lignins led to the production of monomer yields of 39.4 wt%,
7.2 wt% and 1.7 wt%, respectively. The monophenolic content
is far superior when using TALD-lignin, despite both OSL and
TALD-lignin having a high p-O-4 linkage content. However,
OSL lignin, when extracted at such mild conditions, could only
be obtained with a yield of 28 wt%, while TALD lignins could
be extracted with yields ranging from 81 to 100 wt%. In com-
parison, KL were generally efficiently isolated from the
biomass at high yields, but the very condensed structures,
with few ether linkages and a high content of uncleavable C-C
bonds, resulted in a low yield of monophenolic molecules
after hydrogenolysis.

After extraction and purification, we first characterized the
TALD-lignin through Nuclear Magnetic Resonance (NMR)
(Fig. 2). To confirm lignin functionalization and identify poss-
ible side reactions, we synthesized a mixture of simple model
compounds starting from TALD and ethylene glycol, that we
then analysed by "H NMR (Fig. 2a). These model compounds
mimic the acetal formation between the aromatic dialdehyde
and the o and y hydroxy groups in the p-O-4 bonds of lignin.
In particular, from the "H NMR spectrum of the mixture of
model compounds, we observed that TALD in presence of
ethylene glycol (or lignin) can produce three distinct products:
unreacted TALD (Fig. 2a, first model compound), TALD that
has reacted with one diol (Fig. 2a, second model compound),
or TALD that has reacted with two diols (Fig. 2a, third model
compound) to form new acetal rings. We then compared the
obtained "H NMR spectrum of the mixture of model com-
pounds to the spectrum obtained from isolated functionalized
lignin (Fig. 2b), which revealed the close alignment between
functionalized lignin peaks and their corresponding model
compound structures. Moreover, we also noted that the func-
tionalized lignin’s peaks broaden, as a result of the increase of
the transverse relaxation time (75), which is typical of large
molecules such as polymers and lignin oligomers. Therefore,
this broadening suggested that TALD was successfully bound
to the biopolymer.

We also characterized the structure of the isolated lignin by
Heteronuclear Single Quantum Coherence NMR spectroscopy
(HSQC-NMR). This technique allowed the identification of the
signals assigned to the lignin scaffold such as the p-O-4 and
f-p bonds, the C-H bonds of the syringyl and guaiacyl aro-
matic rings, and the signal assigned to the TALD functionali-
zation (Fig. 2c).

Despite the extensive purification that included a Soxhlet
extraction step and washing with diethyl ether, signals
assigned to functionalized xylose (TALDX) were still found in
the HSQC spectra. Since the presence of such a significant
amount of impurities present on the lignin after purification
was unlikely, we hypothesized that the TALD could also partly
act as a cross-linking agent between xylose and the lignin
f-O-4 bonds. To confirm this hypothesis, we performed
Diffusion Ordered SpectroscopY-NMR (DOSY-NMR). This tech-
nique allows the resolution of molecules present in a system
based on their capacity for diffusion in solution, which reflects

Green Chem., 2021, 23, 3459-3467 | 3461


https://doi.org/10.1039/d1gc00358e

Published on 21 April 2021. Downloaded by University of Toledo on 5/15/2021 12:19:03 PM.

View Article Online

Green Chemistry

Paper
MODEL COMPOUNDS
a
o 0/_\0
b
% c
H X0 \_/ (e} 0
Terephtalic y ¢ oo !
Aldehyde Aldehyde Aldehyde
° ° ®

..... N
S 6073,
3 o o, o=
2 1y

[o)

ay po
MeO (OMe)
P MeO “(OMe)
TALD 0
Terephtalic Aldehyde TALDX
protected Lignin

Terephtalic Aldehyde
protected Xylose/Lignin

a s

S |

b

@b 2@
d@ ce®

®oc
[

be@

Internal
Standard

NO,

C E .Cp |
TALDX5 o
cT=ID o
TALDY 0"' Diethyl Ether |
) h Ae TALD“,\ o 0\1 A-dioxane |
HOu 6 2 g 2 ¢ [
leC 0 TALD, c
5 OMe M [3\ -2, Y - 8
o - @ TALDX4 "1a pxs L
L - ’ TALDX2«—— °Ap
Meor's S G TALD1 L
<5 Syringyl Guaiacyl S2,6 \ i
\ = -——>TALDX? Ca LS
B-Aryl ether (8-O-4) Resinol (B-B) IE - I e
e \ G2 r
O\ TALDX1 o
. 1,4 DNB G5 B
[l Internal Standard (1,4-dinitrobenzene) ¢ L
QTALDXS,Q
- Solvent traces TALD2,3
Unresolved and unassigned —|_’ TALD4 —_—
=]
T | T T T l T T T | T T T I T T T o
N
10 8 6 4 2

Fig. 2 (a) The chemical structure of the synthesized model compounds and its *H NMR spectrum. (b) The chemical structure of the main structural
features of lignin functionalized with terephthalic aldehyde (TALD-lignin) and its *H NMR and (c) HSQC NMR spectra.

their difference in molecular weight. The spectra obtained for
the TALD-lignin in DMSO-d¢ (Fig. S3 ESIt) suggested that all
these aforementioned signals present in the sample, in the
region of interest, are thus likely part of the same molecular
system. This result indicated that TALD functionalized xylose
was likely directly bound to the lignin. The exact amount of
this carbohydrate impurity however could not be quantified by
standard or quantitative HSQC-NMR due to the variable differ-
ences in relaxation time and intensity of the signals. In fact,
some of the carbohydrate signals were barely detectable after
using a longer relaxation time during spectra acquisition. In
such samples, the signal to noise ratio was low enough to
cause substantial errors, which prevented reliable quantifi-
cation. GPC measurement and DOSY NMR measurements also
indicated that cross-linking between different lignin oligomers
was unlikely to occur. We did not observe significant differ-
ences in measured molecular weights or diffusion behaviours

3462 | Green Chem., 2021, 23, 3459-3467

in lignin samples, regardless of the amount of TALD used
during the extraction or even when using a lignin extracted
with propionaldehyde—an aldehyde that cannot facilitate
crosslinking (Table S3 in ESIt).

We further characterized the structure of TALD-lignin via
Diffuse Reflectance Infrared Fourier Transform (DRIFT) spec-
troscopy (Fig. 3). Infrared techniques are a useful tool for the
characterization of functional groups, and particularly for the
detection of carbonyls, being that these functional groups
have generally a strong transmittance signal at around
1700 cm ™. We therefore compared the spectra of TALD-lignin
extracted with a high (12.6 mmol g~' dry biomass) or low
(0.85 mmol g~" dry biomass) amount of TALD with the spec-
trum of a lignin extracted in the presence of formaldehyde.
The spectra of TALD-lignin showed a strong signal at
1702.5 em™" corresponding the carbonyl stretch. This signal,
as expected, was not present in formaldehyde-stabilized lignin,

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 DRIFT spectra of formaldehyde and lignin functionalized with
terephthalic aldehyde (TALD-lignin).

since its carbonyl group disappears in the formation of the
acetal. Noticeably, the relative intensity of the carbonyl stretch
compared to the hydroxyl stretch at 3447.5 cm™" was higher
for the lignin that was extracted at a higher concentration of
TALD than that for the lignin isolated with a lower concen-
tration of the same aldehyde. This suggested a strong corre-
lation between the concentration of TALD introduced during
the extraction process and the amount of functionalization
achieved on the lignin.

Controlling and quantifying the degree of TALD
functionalization on isolated lignin

The structure of isolated lignins doesn’t usually allow for
quantitative or even qualitative determination of functional
groups via "H NMR due to overlapping of the proton signals.
However, in the "H NMR and HSQC-NMR spectra of TALD-
lignin, the signals of bound TALD’s free aldehyde group (5x/5¢
10.01/193.4 ppm) did not overlap with any other peak, which
could allow its straightforward quantification by "H NMR. To
do so, we used 1,4-dinitrobenzene (1,4-DNB) as an internal
standard, because it did not react with lignin under analysis
conditions and its "H NMR signal is a single peak at 8.42 ppm
that did not overlap with other peaks associated with TALD-
lignin (Fig. 2b). We then performed Inversion Recovery experi-
ments on the signals of the free aldehyde at 10.01 ppm and of
the internal standard at 8.42 ppm, in order to measure their
longitudinal relaxation time constant (7y) and assure full
recovery of the peaks in between spectra acquisitions. The
results (Fig. S2 in ESIT) showed that the T, values were 2.33 s
for the free aldehyde and 2.62 s for 1,4-dinitrobenzene. From
these values we then decided to acquire spectra with a
minimum delay time of 14 s. This method was then used to
quantify the degree of functionalization of a series of lignins
isolated using increasing concentration of TALD (Fig. 4, ESI
S3.171).

This journal is © The Royal Society of Chemistry 2021
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The concentration of TALD added to the reaction correlated
with the quantity of residual free aldehyde groups on the
corresponding extracted lignin, increasing from a minimum of
0.47 mmol g~ of aldehyde groups to a plateau at 1.85 mmol of
aldehyde functionalities per gram of isolated lignin. This cor-
relation demonstrates that the concentration of TALD used
during the isolation process can be tuned to precisely control
the degree of functionalization of lignin.

Phenolation of TALD-lignin

Exploiting the versatility of the aldehyde functionalities and
their reactivity with phenol in both acid and base conditions,
we conducted phenolation reactions in both of these environ-
ments on TALD-lignin with an aldehyde content of 1.89 mmol
g~ (Fig. 5a)."**® We compared the results to those obtained
with a commercial KL and a OSL under the same conditions.
The phenol was used as both the reagent and solvent during
phenolation. Acidic phenolation (APH) of lignin was con-
ducted following a procedure previously reported by Podschun
et al.,”® with some modification. Basic phenolation (BPH) was
performed with the same ratio of lignin to phenol but cata-
lysed by an aqueous solution of NaOH (ESI S2.47).

After isolation, lignins were structurally characterized by
HSQC-NMR to confirm the success of the reactions. We
observed increases in peak volumes within the aromatic region
of the HSQC spectrum after acid (TALD-APH lignin) and basic
(TALD-BPH lignin) phenolation (Fig. 5b-d). After reaction of
TALD-lignin with phenol, the signal of the aromatic proton in
the ortho and meta position of TALD shifted form u/dc 7.66/
127.44 and 6y/6c 7.91/129/95 ppm to higher fields at 6u/dc
6.96/129.44 ppm. Furthermore, a new signal corresponding
the phenol units bound to the lignin appeared at 6y/5c 6.68/
115.35 ppm, indicating the success of the reaction in both
catalytic conditions. The DRIFT spectra of these lignins
further confirmed phenolation due to the signal of carbonyl
stretch disappearing in both APH- and BPH-TALD-lignins,
while the relative intensity of the hydroxyl stretch increased in
both cases (Fig. 5e). This change suggested that a higher quan-
tity of phenolic groups was successfully bound to the lignin

Green Chem., 2021, 23, 3459-3467 | 3463
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Fig. 5 Acid and basic phenolation of lignin functionalized with terephthalic aldehyde (TALD-lignin). (a) Presumed reaction mechanism. Peak growth
in the aromatic region of the HSQC spectra before (b) and after phenolation in acid (c) and basic (d) conditions. Peak colours in panels (b—d) corres-
pond to functionalities depicted in (a). (e) DRIFT spectra of TALD-lignin before and after phenolation.

and that the aldehyde was consumed as hypothesized in the
mechanism (Fig. 5a).

We then used *'P NMR to quantify the amount of aliphatic
and aromatic hydroxy groups, and thus quantitatively compare
the added phenol in both acid and basic conditions.>* When
comparing spectra before and after reaction, we observed a
clear decrease in the signal assigned to aliphatic hydroxy
groups and a corresponding increase of the signal assigned to
phenolic units (Fig. 6a). The quantitative comparison of phe-
nolic groups per effective extracted lignin (where “effective”
indicates that the weight of the TALD functionalization was
subtracted from the weight of TALD-lignin in order to have
comparable results between the three lignins) shows that both

3464 | Green Chem., 2021, 23, 3459-3467

TALD-lignin and Mild-Acidolysis organosolv lignin have a
higher and similar content of aliphatic hydroxy groups
(respectively 3.21 mmol ¢~' and 3.10 mmol g~') compared to
KL (Fig. 6b). The similar content of aliphatic units in TALD
and OSL lignin could be explained by the fact that for the first
lignin a certain degree of beta-O-4 will be non-functionalized
by the acetal formation with TALD, but still sterically protected
by adjacent functionalized p-O-4, which will prevent conden-
sation. A confirmation of this could be seen in HSQC spectra
of TALD-Lignin (Fig. 2c¢) where it is possible to clearly see the
signals of unfunctionalized o and § hydroxy groups (Su/d¢c
4.87/74.2 ppm for OH,, 6/6c 4.12/86.9 ppm for OHg). On the
other hand, OSL will see less functionalisation but likely

This journal is © The Royal Society of Chemistry 2021
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undergo a certain degree of condensation even at mild con-
ditions of extraction, as shown by the lower overall yields,
which would result in a decrease of hydroxy groups compared
to the native lignin. In the case of KL, the aliphatic content is
1.55 mmol g, which indicates a more condensed structure,
which was expected due to harsh extraction conditions.
Isolated KL had a higher amount of guaiacyl units (1.84 mmol
g™") than the other two lignins because the commercial KL
used in this study was derived from softwood, which contains
only guaiacyl units, while birch contains a higher fraction of
syringyl units. Second, the high temperature and basicity used
during Kraft pulping favoured condensation reactions, but
also a partial depolymerization of the lignin, which conse-
quently could have led to an elevated number of phenolic end
groups.*’

After acid and basic phenolation, all lignin presented an
increase of phenolic units and a decrease in aliphatic hydroxy
groups regardless of the catalyst used (Fig. 6b). Phenolation
conducted in presence of concentrated sulfuric acid was the
most effective in introducing new hydroxyphenyl units in the
lignin. OSL and KL showed a 5.47 and 2.83 fold increase in
their respective quantity of total phenolic units, with a final
phenolic content of 4.31 mmol g~ and 5.22 mmol g~ of
lignin, respectively, which was in line with previously reported
results.”® In comparison, the functionalization of TALD-lignin

This journal is © The Royal Society of Chemistry 2021

increased the aromatic hydroxyl content 23.4-fold with a total
phenolic amount of 6.79 mmol g™" of effective isolated lignin,
which, to the best of our knowledge, is the highest phenolation
value reported in literature. Furthermore, in the case of TALD-
lignin and OSL, two lignins with a higher content of p-O-4
bonds, the phenolation in acid conditions also favoured
partial depolymerization of the biopolymer (Table S4 in ESIY),
which was not the case for KL, which lacked p-O-4 linkages
even before phenolation as evidenced by the low yields
obtained after hydrogenolysis.

The aldehyde functionality also proved to be beneficial
during phenolation in presence of NaOH. When functiona-
lized in basic conditions, TALD-lignin showed a 15-fold
increase of total phenolic units, with a final content of
4.57 mmol g~'. Interestingly, both mild organosolv and KL
showed an increase in hydroxylphenyl units after phenolation
in basic condition with a respective total phenolic content of
2.44 mmol g~' and 2.69 mmol g~', even though aldehyde
groups were not present in the original scaffold of these two
aromatic polymers. This increase could be explained by these
lignins forming intermediates and reactive species that react
with phenol to form covalent bonds at harsh basic conditions.
Alternatively, this phenol may not have been covalently bound
to the lignin, and instead been physically attached with the
biopolymer through non-covalent

interactions. However,
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DOSY-NMR of the lignins (ESI Fig. S31) showed that in DMSO-
de, a solvent that forms strong hydrogen bonds with phenolic
molecules and thus disfavours intermolecular interactions
between lignin and phenol,** all phenolated lignins showed a
unique diffusion behaviour in solution, suggesting that
phenol was covalently bound to the polymeric scaffold and not
just interacting with it physically.

Conclusions

We demonstrated that the aldehyde stabilization process pre-
viously used to maximize the production of monomers from
lignin is also an effective tool for the controlled and simul-
taneous extraction and chemical modification of lignin.
Furthermore, this process allows us to introduce functional
groups on the lignin scaffold that were not originally present
on the biopolymer and that could then be further modified.
We notably demonstrated that this method offers the unique
possibility to functionalize lignin with free aldehyde groups.
This aldehyde functionalization could be used to strongly
increase the reactivity of lignin towards phenolation in both
acid and base-catalysed systems. The use of any fossil-based
phenol as a solvent for phenolation reactions creates health
and sustainability drawbacks. However, efforts are being made
in order to minimize the impact of phenol by either sourcing
the molecule from biobased feedstocks® or by developing
resins where the phenolic part of said polymers are substituted
by more sustainable and bio-based alternatives.**® The
increased reactivity of TALD-lignin in phenolation resins
suggests that this kind of functionalization could be beneficial
for the subsequent integration of a higher fraction of lignin
into phenolic resins, which would not eliminate the use of
fossil-based phenol but at least contribute to reducing its use.
Because aldehydes are versatile chemical functionalities that
can react under mild conditions to obtain a variety of other
important functional groups such as amines, carboxylic acids
and hydroxy groups, we believe that this work could expand
lignin functionalization possibilities, and ultimately enable
substituting fossil-based materials with renewable alternatives.
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