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Lignocellulose has the great potential as a sustainable resource to
replace fossil-based raw materials, however, properties, such as a
complicated crosslinked structure, create a significant obstacle for
utilization, as the isolation of lignocellulose components has
hardly been achieved under mild conditions. Here, we demonstrate
that the use of an aromatic hydrogen bond donor (thymol) creates
a supramolecular interaction between the delignification medium
and lignin, which is key to removing almost all the lignin from the
softwood within minutes, at near-ambient temperatures. Strong
support for supramolecular interactions was demonstrated via the
formation of a room temperature liquid between two solids (lignin
and thymol). The concept of supramolecular interaction between
lignin and thymol will help elevate the feasibility of biobased
materials across a wide range of applications.

1. Introduction

The complex structure of lignocellulose hinders or prevents its
utilization in many applications.” In fact, lignin is commonly
considered an obstacle because it holds other compounds
together to create a barrier for many outside influences, such
as chemical attacks.”? For example, direct hydrolysis of a lignin-
containing carbohydrate fraction results in a poor yield of
monomeric units due to the inhibition of enzyme activity by
lignin.® Therefore, the fractionation of lignocellulose is a
pivotal step in many traditional as well as new applications
that aim to use renewable biomaterials to replace fossil-based
resources.’® Historically, fractionation, or delignification, has
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focused on the isolation of carbohydrate fractions; but lately,
lignin has also been recognized as a valuable resource®™® and
research has steered toward a method that can allow fraction-
ation to be achieved in milder conditions. Several strategies,
including lignin-protecting fractionation®'® and the use of
lignin-like or lignin-derived compounds,'’ have elevated the
potential of lignocellulose into applications that are beyond
the capabilities of current industrial lignin. Despite the
notable advantages of recent fractionation methods, their high
temperature, long treatment times, and harsh reaction con-
ditions still hamper their wider usability. Although methods
based on hydrophobic and lignin-like chemicals have been
introduced,'""* the full potential of these concepts has not yet
been revealed. An important key to lignin removal is to under-
stand the chemical structure of lignin and to maximize the
interaction between the solvent system and lignin.

Here, we present a supramolecular interaction-driven
delignification process using thymol as an aromatic, naturally
occurring (it is present in high quantities in thyme oil), and
biodegradable phenolic compound. Due to its aromatic struc-
ture, partial delocalization makes thymol a strong hydrogen
bond donor via its phenolic group.”® Conversely, lignin,
despite being the polymer of phenolic monomers, has a minor
amount of free phenolic units.'* Instead, lignin has numerous
ether bonds, which act as hydrogen bond acceptors, as well as
aliphatic hydroxyl groups, which exhibit both hydrogen bond-
acceptor and -donor properties (also, a few carbonyls present
in lignin are hydrogen bond acceptors) (Fig. 1a). Therefore, we
postulated that thymol can participate in both aromatic n-n
stacking and hydrogen bonding with lignin, and that these
noncovalent, supramolecular interactions can enable the
removal of lignin from lignocellulose under acidic conditions.
Methanesulfonic acid (MSA) was utilized as an acidic com-
ponent to cleave lignin-lignin and lignin-carbohydrate chemi-
cal bonds. MSA has environmentally friendly characteristics,
such as biodegradability and low volatility, and it can be pro-
duced from methanol or methane,"” making MSA a sustain-
able alternative to other oil-based sulfonic acids. MSA is also
less reactive than sulfuric acid (ESIt). To demonstrate the high
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(a) Chemical structure of lignin (milled spruce lignin, simplified from ref. 20) with aromatic structures presented in red, hydrogen bond

acceptors in blue, hydrogen bond donors in orange, and hydrogen bond donor/acceptors in green, (b) thymol, (c) 2-isopropyl-5-methylanisole and
p-cymene as nonhydrogen bonding analogs, and (d) menthol as nonaromatic analog of thymol, and (b—d) descriptions of their behavior (i) when

mixed with MSA at a molar ratio of 1: 2 and (ii) in delignification.

efficiency of this supramolecular interaction-based delignifica-
tion, softwood (refined Norway spruce chips) was chosen as a
raw material because it has been generally recognized as
highly  resistant to  delignification/fractionation."®"”
Furthermore, nature and high lignin content notable hampers
the enzymatic hydrolysis of softwood, when compared to other
lignocellulose sources.'®*°

2. Results and discussion

The delignification experiments were carried out at tempera-
tures of 40, 50, and 60 °C with reaction times ranging from 0.5
to 5 min with a liquid:wood mass ratio of 10:1. Almost
immediately after the addition of wood in the MSA-thymol
mixture (with a molar ratio of 1:2), the solution began to
change color to an intensively deep purple. After the addition
of ethanol, filtration, and washing with ethanol, the color dis-
appeared, and bright products were obtained at all investigated
temperatures (Fig. 2). The color of the solid fraction is in stark
contrast to that of many previously reported methods, includ-
ing commercial kraft cooking, where the color of the deligni-
fied biomass is often notably darker than that of the raw
material. Importantly, in addition to the production of brightly
colored solid residues, the delignification efficiency was found
to be exceptionally high (Fig. 2), especially when considering
the low temperature and extremely short treatment times. At a
temperature of 40 °C, the delignification efficiency remained
relatively low during the first minute (remaining lignin
content over 20%); however, at 2.5 min, the lignin content
dropped to 12%, and at 5 min, the residual lignin content was
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merely 4.8%. Approximately 5% residual lignin content was
found at 2.5 min at 50. At, 60 °C, the reaction time decreased
to 1 min for obtaining a similar lignin content. Furthermore, a
minimal residual lignin content of 3% was obtained at 5 min
at 60 °C. After delignification, solid fraction contained mainly
glucose, indicating the high cellulose content.

After removal of the solid fraction from the delignification
mixture, a sodium salt of MSA with high purity (Fig. S11) was
precipitated with aqueous NaOH, and the MSA could be
recycled using electrodialysis.”’ Thymol was recovered using
column extraction with high purity (Fig. S2t) and could be
directly reused. With column extraction, two lignin fractions
(LF1 and LF2) with distinctively low molecular weights
(Table S11) were obtained (see ESIf for analysis of the two
lignin fractions). The degrees of polymerization of the washed
and dried solid fractions were found to be in the range of
312-216, similar to commercial microcrystalline cellulose
(MCCQ). The industrial production of MCC mainly relies on the
acid hydrolysis of bleached wood pulp, thus requiring multi-
step synthesis and large consumption of hazardous chemicals
(halogen-based bleaching chemicals, particularly).”” MCC is a
safe food additive (E-number E460)** used in the cosmetic,
pharmacy, and food industries and is a widely used starting
material for various cellulose-based materials and chemicals,**
including nanomaterials®® (see ESIf for the production of
nanocellulose from MSA-thymol-treated softwood).

The delignification results clearly demonstrated that by
using the MSA-thymol mixture, a delignification that has his-
torically been carried out at high temperature for several hours
can be performed in minutes at near-ambient temperature.
Table S2t lists various delignification/fractionation methods

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Chemical constituents and appearance of (a) original wood and solid residue after delignification at (b) 40 °C, (c) 50 °C, and (d) 60 °C. The

appearance of delignified wood at (i) 0.5 and (ii) 5 min.

published in the literature for softwood and hardwood.
Furthermore, selected previous delignification systems
reported in the literature were tested with our raw material.
Mixture of choline chloride-lactic acid has been recognized as
one of the most typical DES capable to delignify lignocellulose
biomass.”® Excellent delignification efficiency was also noted
as remaining lignin content after choline chloride-lactic acid

This journal is © The Royal Society of Chemistry 2024

treatment were 6.8%, similar to those of MSA-thymol systems.
However, choline chloride-lactic acid operated at notable
higher temperature (120 ©°C) and longer reaction time
(180 min). Furthermore, severe darkening of the solid residue
was observed. Compared to DESs, acidic hydrotropes can
usually be applied in delignification at lower temperatures and
with shorter reaction times.'> p-Toluenesulfonic acid was

Green Chem., 2024, 26, 287-294 | 289
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introduced as one of the first acidic hydrotropes for nearly
complete dissolution of lignin from hardwood.>” However,
notable lower delignification efficiency has been observed in
case of softwood.*® Here, when delignification of refined soft-
wood was done using 80% aqueous p-toluenesulfonic acid
solution at 80 °C for 20 min, lignin content remained relatively
high, around 18%, and similarly to choline chloride-lactic acid
DES, solid residue was dark in color. The highest delignifica-
tion efficiency in the studied reference systems was observed
with an aqueous 4-hydroxybenzenesulfonic acid*® after
120 min at 60 °C, as the remaining lignin content was 5.9%.
Furthermore, the aqueous 4-hydroxybenzenesulfonic acid was
the only studied system aside the MSA-thymol to produce
mildly colored solid residue. However, when the reaction time
was decreased to 5 min, the remaining lignin content was
15%, being higher than what was obtained using MSA-thymol
system at temperature of 40 °C after half shorter reaction time.
Although studied reference systems represent a small fraction
of various delignification systems reported in literature, they
are amongst the most notable example of novel systems used
biomass delignification. Therefore, MSA-thymol exhibits a
clear advantage over traditional and emerging delignification
methods, and to the best of our knowledge, MSA-thymol is the
fastest high-efficiency delignification method (defined by a
remaining lignin content <5%) demonstrated on any type of
biomass, while operating at the lowest reported temperature. It
is also noteworthy, that although phenolic pulping has been
reported previously,’®>” these systems request high tempera-
ture and hours of treatment time, most likely due to the pres-
ence of large extent of competing hydrogen bond acceptor/
donor (i.e., water). Therefore, MSA-thymol is unique method
for treatment of lignocellulose biomass.

Conversion of cellulose to glucose was investigated to evalu-
ate the enzymatic digestibility of wood before and after MSA-
thymol treatment at 40, 50, and 60 °C for one minute. The
glucose yield and hydrolysis efficiency notable increased from
original wood by applying the delignification (Fig. 3). Although
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Fig. 3
different enzymatic hydrolysis times.
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the sample prepared at 60 °C exhibited slightly lower hydro-
lysis rate during the first 36 h of enzymatic hydrolysis, the
final hydrolysis efficiency order is by the increased tempera-
ture. The glucan hydrolysis efficiency of the samples obtained
at 40, 50 and 60 °C increased by 30, 45 and 51%, respectively,
when compared to the original wood sample, demonstrating
that the very short MSA-thymol delignification treatment is
suitable method to increase the glucose yield from softwood.
Although the overall hydrolysis efficiency of MSA-thymol
treated softwood cannot match with those reported for
example for high temperature organosolv treated of soft-
wood,"® or other lignocellulose sources,*® low temperature and
extremely short reaction provides notable egologic and econ-
omic advantage most of the previous method.
Furthermore, MSA-thymol enzymatic hydrolysis efficiency of
delignified softwood was notable higher compared to the
other low-temperature (<100 ©°C) delignification methods
reported in literature. For example, hydrolysis efficiency
around 20% was reported for p-toluenesulfonic acid treated
Masson pine at 80 °C,** whereas hydrolysis efficiency around
10% was obtained by Lewis acid-based deep eutectic solvent
delignification at 80 ©°C.** Slightly higher hydrolysis rate
(around 55%) compared to MSA-thymol delignified softwood
was reported from Chinese fir after formic acid treatment at
90 °C.>® However, 240 times longer reaction time was utilized
compared to the study presented here.

To demonstrate that the hydrogen bond-donating pro-
perties of phenolic compounds are the key feature of delignifi-
cation using MSA-thymol mixtures, several reference experi-
ments were conducted. Neither 2-isopropyl-5-methylanisole (a
methyl ether of thymol that has no hydrogen bond donating
property) nor p-cymene (a thymol analog without a hydroxyl
group) (Fig. 1b) formed a clear liquid with MSA and were thus
not suitable for delignification. More notably, when thymol
was replaced with nonaromatic menthol (hexahydrothymol)
(Fig. 1c), room temperature liquid was obtained, yet no
removal of lignin or carbohydrate was observed. Menthol is an
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(a) Glucose releasing rate and (b) hydrolysis efficiency of original and after one minute treatment with MSA—thymol at various temperature at
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aliphatic alcohol, and its hydroxyl group can function both as
a hydrogen bond acceptor and donor.”* Therefore, it can be
assumed that the hydrogen bonding interaction
between menthol and the hydrogen bond-accepting groups of
lignin is weaker than that between thymol and lignin.
Furthermore, because menthol lacks aromaticity, there is no x
stacking between menthol and lignin. Due to the weak inter-
actions, no removal of lignin occurred when menthol was used
with MSA.

When water was used instead of thymol (molar ratio
between MSA and water was 1: 2, water content of 18.02 wt%),
the lignin content was observed to increase from 27 to 32 wt%,
which was mainly due to the removal of carbohydrate (ie.,
hemicelluloses). The inability of aqueous MSA to dissolve
lignin indicates that MSA acts merely as an acid catalyst during
the delignification, and does not function as a hydrotropic
component for delignification, as previously shown with aro-
matic sulfonic acids.?”**” Furthermore, when water was used
at similar mass ratio that in case of thymol (water content of
75.75 wt%), practically no reaction occurred as lignin and
carbohydrate content remained in similar range compared to
original softwood.

Further experiments were conducted to demonstrate the
interaction between thymol and lignin. The isolated lignin
(LF1) was solid at room temperature and did not melt when
heated in an oven at 80 °C. However, when lignin was manu-
ally mixed with thymol at a mass ratio of 1:2 and heated for
approximately 30 min at 80 °C, solid particles disappeared and
a viscous liquid was obtained. After cooling this liquid to room
temperature, no precipitation of either component was
observed, and the mixture was a homogeneous and strong gel-
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like material (Fig. 4). On the other hand, when isolated lignin
was mixed with menthol and heated in an oven, melting of
menthol was observed, the lignin remained as solid particles,
and the mixture was as an uneven solid at room temperature.
These observations with menthol are in line with its delignifi-
cation results, as the mixture of menthol and MSA showed no
removal of lignin.

To verify that the formation of a liquid between lignin and
thymol was not exclusively related to the isolation method, two
commercial lignins were also investigated: ethanolytic lignin
oligomers are obtained by high-temperature organosolv-type
fractionation,®® and kraft lignin is the most widely produced
lignin and is obtained by sulfate cooking.>* When either etha-
nolytic lignin or kraft lignin was heated together with thymol
at a mass ratio of 1:2 in an oven at 80 °C, they formed liquid
with no visible solid particles. The kraft lignin-thymol mixture
was a strong, gel-like material at room temperature, similar to
the mixture of thymol and LF1. On the other hand, oligomeric
lignin and thymol formed a mixture that stayed liquid, albeit
highly viscous, even at room temperature (Fig. S37).
Ethanolytic lignin formed a homogenous mixture with thymol
even at a mass ratio of 1:1, a condition where it was a homo-
geneous, hard gel at room temperature.

Differential scanning calorimetry (DSC) analysis showed
that neither LF1, LF2, ethanolytic, nor kraft lignin exhibited a
melting point in the range of —20-140 °C (Fig. 4f and
Fig. S47). On the other hand, the melting peak of pure thymol
was observed at approximately 51 °C (49-51 °C in the litera-
ture”®) (Fig. 4e), and when solid mixtures of thymol and LF1
were heated in DSC, thymol melting was observed at the same
temperature during the first heating cycle (Fig. 4f). However,
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Fig. 4 Visual appearance of lignin and deep eutectic supramolecular polymer, and their thermal behavior (a and b) and isolated lignin (LF1) after
heating with thymol at a mass ratio of 2:1 at 80 °C for 30 min (c and d) and differential scanning calorimetry curves of (e) thymol, (f) isolated lignin

(LF1), and (g) a mixture of thymol and isolated lignin at a mass ratio of 2: 1.
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unlike pure thymol, no crystallization of the thymol-lignin
mixture was observed when cooled to —20 °C, and during the
second heating cycle, no melting peak was observed. The
results from DSC analysis indicate that after the melting of
thymol, a homogeneous mixture of lignin and thymol was
formed, which showed no crystallization at —20 °C. The results
with ethanolytic and kraft lignin are in line with those of iso-
lated lignin fractions (Fig. S4}). Furthermore, a lower inter-
action between menthol and lignin was demonstrated with
ethanolytic lignin (Fig. S41).

It can be assumed that the formation of a liquid/gel
between thymol and lignin is due to the strong interaction
between the two components, preventing the crystallization of
otherwise solid compounds. The interaction between lignin
and thymol can result in the formation of a deep eutectic
supramolecular polymer (DESP),*' previously shown with
cyclodextrin (a macrocyclic oligosaccharide of glucose) and
various hydrogen bond donors, such as carboxylic acids.*?
DESP between cyclodextrin and carboxylic acid was assumed
to form due to the strong hydrogen bonding interaction
between these two components, similar to the formation of
DES. When cyclodextrin and carboxylic acid were dissolved in
water followed by evaporation of the solvent, hydrogen
bonding interactions prevented the crystallization of individual
compounds and a gel-like material was obtained.*’ In the case
of thymol and lignin, the melting of thymol, as well as the
strong interaction between the two compounds, enables the
formation of DESP even without an external solvent. Therefore,
in addition to the demonstration of efficient biomass fraction-
ation with the thymol-based system, we present a novel
concept of lignin-based DESP. In addition to thymol, other aro-
matic alcohols, such as carvacrol (an isomer of thymol),
phenol, and eugenol, formed liquid with lignin, and prelimi-
nary results showed that other phenolic compounds are also
suitable for biomass fractionation (we note that eugenol was
solidified with MSA, indicating that the usability of vinylic
phenols is limited).

Based on the abovementioned observations, supramolecu-
lar interactions can be proposed as the driving force in deligni-
fication. The strong interaction between thymol and lignin
allows the amphiphilic MSA to diffuse to the reaction site,
resulting in the acid-catalyzed formation of carbocations on
the lignin.*® In a thymol-rich environment, the carbocation is
thymolated (similar to phenolation®*), followed by the frag-
mentation (depolymerization) of lignin and the rapid dis-
solution of these lignin fragments due to supramolecular
interactions. The fragmentation is backed by the low mole-
cular weight of lignin fractions, and thymolation is verified
with nuclear magnetic resonance analyses (see ESI{).
Thymolation prevents the self-condensation of lignin, which is
generally recognized as the main side reaction in delignifica-
tion that can lead to mixture darkening and the poor removal
of residual lignin.*> The lack of condensation during MSA-
thymol delignification could explain the mild color of the cel-
lulosic fraction still containing a small quantity of lignin (cf.
brown color of unbleached kraft pulp).
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3. Conclusion

This work demonstrates the existence of supramolecular inter-
action between lignin and phenolic compounds. The finding
can provide a novel route and technological breakthrough in
the development of selective fractionation chemistry. Here it
was shown that this phenomenon can lead to a highly effective
delignification of lignocelluloses to be used, for instance, in
the production of monomeric or oligomeric platform chemi-
cals, strongly supported by notable increase in enzymatic
digestibility of softwood even after one minute treatment. Both
used chemicals in this study (thymol and methanesulfonic
acid) can be regarded as green compounds and their recovery
with high purity demonstrated that they are recyclable, making
concept presented here environmental feasible and sustain-
able alternative for treatment of lignocellulose biomass. The
possibility of the use of near ambient temperature with excep-
tional short reaction times will increase economic feasibility
due to lower operation and investment costs associated to low
processing energy need and simplified process equipment.
The low visible light and high UV radiation absorption could
elevate the feasibility of lignin fraction in composite appli-
cation. Furthermore, low molecular weight enables good solu-
bility of lignin, which could allow lignin to be utilized in
various applications. Furthermore, it can be envisioned that
DESP between lignin and various aromatic alcohols could be
used as water-tolerance adhesive or for example as bio-based
wood preservative, due to the antimicrobial effect of phenolic
compounds. As the chemical and physical structure of various
lignocellulose sources can notable different from each other,
in the future studies, delignification of biomass, such as hard-
wood and non-wood sources will be investigated.
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