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Beyond Yield Optimization: The Impact of Organosolv

Process Parameters on Lignin Structure
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and Margit Schulze*

When optimizing the process parameters of the acidic ethanolic organosolv
process, the aim is usually to maximize the delignification and/or lignin
purity. However, process parameters such as temperature, time, ethanol and
catalyst concentration, respectively, can also be used to vary the structural
properties of the obtained organosolv lignin, including the molecular weight
and the ratio of aliphatic versus phenolic hydroxyl groups, among others. This
review particularly focuses on these influencing factors and establishes a
trend analysis between the variation of the process parameters and the effect

demand for industrial goods, renewable re-
sources must be used in all their diversity.
In addition, overall concepts for the design
of a circular economy are needed. Ligno-
cellulose, as the most abundant renewable
resource, offers the greatest potential.>l
Full utilization of this material stream re-
quires a process for selective separation
into its main components cellulose, hemi-
cellulose, and lignin. Separation, isolation,

on lignin structure. Especially when larger data sets are available, as for
process temperature and time, correlations between the distribution of
depolymerization and condensation reactions are found, which allow direct
conclusions on the proportion of lignin’s structural features, independent of
the diversity of the biomass used. The newfound insights gained from this
review can be used to tailor organosolv lignins isolated for a specific

application.

1. Introduction

The intensive use of fossil resources not only causes permanent
damage to the environment, but also its limited availability in the
face of growing global demand makes the transition from an oil-
based to a bio-based society essential.l!l To meet the enormous
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and subsequent chemical conversion of
the three classes of polymers can yield a
wide and diverse range of naturally derived
chemicals.

One promising approach is the organo-
solv process, in which lignin and hemicellu-
lose are extracted at elevated temperatures
using a mixture of an organic solvent and
water.l’] The advantages of this process are
the gentle recovery of a very pure lignin
fraction and easy recovery of the solvent.
In addition, they have great significance for
cellulose biorefinery.[®”] Treatment by organosolv digestion usu-
ally results in a significant removal of lignin with minimal loss of
cellulose.l®] However, the costly and energy-intensive organosolv
step impacts the economics of the cellulose biorefinery process
so that the recovery of high-value organosolv lignin does not out-
weigh the increased cost of the cellulose recovery process.°]

Lignin, especially in high purity, is considered a valuable feed-
stock in the currently growing market.'%') Although lignin is
structurally more complex, its higher carbon and lower oxy-
gen content compared to the cellulose or hemicellulose frac-
tion makes it an attractive feedstock to produce biofuels and
chemicals.['>1*] Meanwhile, a structural profile exists for possi-
ble lignin applications. Thus, it can be postulated which applica-
tion the lignin would be suitable for. For example, lignins with
high phenolic content could act as antioxidants.['>1¢ A lignin
with low oxygen content is suitable for producing carbon fibers
(for electrodes or supercapacitors), bio-oils, or fillers in hydropho-
bic composites.['’"191 A high content of aliphatic OH groups in
lignin makes it extremely attractive as a feedstock for adsorbents
in aqueous systems.[2*2!] A lignin with high polydispersity is suit-
able to produce lubricants or compact lignin nanoparticles,22-24]
while lignins with low polydispersity are excellent for mechanical
carbon fibers or hollow lignin nanoparticles.!'”%%]

To date, several studies have focused on optimizing delignifi-
cation, maximizing purity, or idealizing the economic and envi-
ronmental aspects (circular economy concept) of the organosolv

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmame.202300093&domain=pdf&date_stamp=2023-05-12
https://doi.org/10.1002/mame.202300093
mailto:margit.schulze@h-brs.de
www.mame-journal.de

ADVANCED
SCIENCE NEWS

tMISeS

lar
Materiols and Engineering
— D

www.advancedsciencenews.com

process.[26-2] Often, this is done by varying process parameters

via statistical experimental designs and adjusting them for the
desired output. In this review however, the focus is on the in-
fluence of the most frequently varied process parameters on the
chemical structure of the organosolv lignin: most data is avail-
able regarding the effect of process temperature and time on the
molecular weight, aliphatic and phenolic OH groups, but also the
impact of solvent, catalyst, biomass, and additional pre- or post-
treatments will be discussed. The focus here is on the most widely
used acidic ethanol organosolv process.

2. Organosolv Lignin Structure

Lignin is one of the major constituents of wood and along with
cellulose, one of the most abundant natural polymers. Chemi-
cally, lignin is a 3D, high-molecular-weight network of phenyl-
propane units (monolignols) that is formed by dehydrative poly-
merization and acts as the actual skeletal substance of the plant
cell walls. The relative proportions of the three monolignols are
characteristic of different plant groups: hardwood lignin contains
predominantly sinapyl units (S-units), softwood lignin contains
predominantly coniferyl units (G-units), and grass lignin (espe-
cially found in straw) has high proportions of coumaryl units (H-
units).3% Pretreatment processes are required to break the co-
valent bonds between lignin and the carbohydrate fraction and
thereby maximize the individual properties of the components
of the lignocellulosic biopolymer composite. These processes can
be classified as physical, chemical, biological, or a combination of
these. So far, kraft, lignosulfonate, and organosolv are the most
popular chemical processes, while biological approaches (micro-
bial or enzymatic) are less favored. The kraft process is still the
only large-scale pulping process. The principles of the processes
and their advantages and disadvantages are described in detail in
the literature.3'3?] In recent decades, the focus has been on envi-
ronmentally friendly biorefinery processes for the full utilization
of renewable raw materials and the extraction of lignin with high
added value, which is precisely the approach of the organosolv
process.’] Most organic solvents used in the organosolv process
are either polar protic or polar aprotic solvents. This results in
a cellulose-rich fraction, an organolignin fraction, and a water-
soluble fraction containing hemicellulose, acid-soluble lignin,
carbohydrate degradation products, organic acids, and other
components. Ethanol is the most used solvent for technical ap-
proaches such as Alcell pulping or the Lignol process. Some pro-
cesses use solvents such as acetic acid, 2-methyltetrahydrofuran
or y-valerolactone.®3] Therefore, pulping is carried out in over-
pressure reactors, most commonly in aqueous ethanol as solvent
with acid catalysts like sulfuric or hydrochloric acid.** In gen-
eral, these organosolv processes (also called ethanosolv) are per-
formed at temperatures between 100 °C and 250 °C, whereas the
process time varies between 30 and 90 min. Aqueous ethanol
concentrations of approximately 30-80 %wt are used for this
process.[535:36]

To gain a better chemical understanding of the organosolv pro-
cess, it is necessary to identify the mechanisms of the main re-
actions taking place in the system. These lead to the degradation
of lignin and hemicellulose into lower molecular weight compo-
nents that are soluble in the used solvent mixture. For this pur-
pose, the possible bonding types of lignin must be considered
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first. Figure 1 gives an overview of a schematic organosolv lignin
with possible bonding types.

2.1. Depolymerization and Condensation Reactions during the
Organosolv Process

The predominant linkages in lignins are the f—O—4'— and
a—O—4"—aryl ethers. The distribution of aryl ether bonds in na-
tive lignins varies from 35% to 85% depending on the plant
species (hardwood, softwood, herbaceous plants) and the exact
lignocellulose type of the feedstock.[37] Delignification in the
organosolv process occurs in three phases.

In the first phase (0—approx. 70 % delignification), C,—O
bonds from a—O—4’ structures and C;—O bonds from f—O—4’
structures are hydrolyzed, resulting in a phenolic. However,
more modern approaches postulate that a—O—4’ linkages are
mostly associated with phenylcoumaran and dibenzodioxocin
linkages.®®*) Thus, depolymerization at phenylcoumaran link-
ages is only effective when both the a—O—4’ bond and the C,—C,
bond are cleaved. Fragmentation of lignin at dibenzodioxocin
linkages by cleavage of the a—0O—4" and f/—0—4’ bonds will re-
sult in less lignin branching.[*’! Cleavage of the unusual or even
absent acyclic a—O—4’ bonds therefore minimally contributes to
the depolymerization of lignin.

The second phase (starting at about 70 % delignification) is
determined by the cleavage of the above-mentioned bonds with
arylic substituents. Figure 2 shows the schematic hydrolysis of
aryl—ether bonds. At this stage, condensation reactions (forma-
tion of C—C bonds) of the lignin degradation products are already
taking place.

In the third stage (delignification degree of about 90 %), the
ratio of carbohydrate decomposition to delignification increases
and condensate formation occurs more frequently. At this stage,
delignification is complete. The organosolv process typically re-
sults in high-purity lignin with a residual carbohydrate content
of approximately < 5 %wt.3442-44]

In summary, next to the cleavage of lignin—carbohydrate com-
plexes, the cleavage of C,—O bonds from a—0—4’ structures, and
C,—O bonds from f—0O—4’ structures is the primary mechanism
of the organosolv process.

The remaining f/—0—4’-bonds largely determine the reactiv-
ity of the isolated organosolv lignin, as they are the most abun-
dant and most reactive bonds and are often the primary tar-
get during depolymerization and condensation, as the a—0—4-
bonds have already been primarily cleaved during the first delig-
nification stage.*’] This was largely confirmed by the work of
Huang et al.l*l They calculated the theoretical bond dissocia-
tion energies using density functional theory methods B3P86 at
6-31 G(d,p) level. In the case of the f—O—4’ bond, the C,—O
bond with E; = 209.4 k] mol~! is significantly lower than
the average bond dissociation energy of the C,—C,; bond with
266 k] mol~!. The carbon—oxygen bonds of the propyl chains
(C;—0in f—0—4’ and C,—O in a—0—4’) of lignin have lower Ej
than the carbon—oxygen bonds between aromatics (C,—O and
0—C; in 4—0—5" and C,—O in “a—0—4"). The Ej of the car-
bon—carbon bonds (C,—C, in f“—0—4" and C,—C, in f—1’) are
between the above-mentioned carbon—oxygen bonds. The direct
bond between two benzene rings (5-5’) has the highest Ej. The
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Figure 1. Schematic representation of an organosolv lignin to illustrate the structural building blocks and related linkages; both vary depending on
biomass origin and isolation method.
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Figure 2. Cleavage of a—ether and f—ether bonds in lignocellulose during ethanol organosolv process. Adapted with permission.l*!l Copyrights 2020,
Springer Nature.

work of Kim et al. gives comparable results from their M06-2X In addition to theoretical derivations of the bond dissociation
density functional theory method at the 311++G(d,p) level.*’]  energies in lignins, Sturgeon et al. used energy diagrams to
Again, the C—C,, the C;—C and the corresponding 5—5" biphenyl  calculate the competing mechanisms of depolymerization and
bond show the highest E;, whereas the C—O bond within the  condensation in the f—O—4’ cleavage.*8] They found that pure
p—0—4’ is much lower (see Figure 3). lignin condensation has a lower activation energy than both the
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Figure 3. Representative plot of the median considering all calcu-
lated derivatives as a function of their substituents. Reproduced with
permission.[*’] Copyright 2011, American Chemical Society.

corresponding formation of a benzyl cation and lignin hydrol-
ysis, suggesting that lignin condensation proceeds much faster
than the competing hydrolysis reaction. The reason why the C—C
bonds form so easily under acidic conditions was investigated
by Mu et al.l*! They calculated the Gibbs free energy for the
condensation reaction between two veratrylglycerol-g-guaiacyl
ether lignin model compounds and presented the mechanism
of condensation via a benzylic carbocation intermediate and pro-
tonation or dehydrogenation transition states. They found that
C—C formation is highly exothermic and thus describes the irre-
versible lignin condensation. Approaches using whole polymers
with 10 monomers (G-units) in addition to dimeric and trimeric
p—0—4’ lignin subunits and calculating conformational states
in parallel with bond dissociation energies (BDE) also yielded re-
sults in the same order of magnitude.l®) In particular, substituent
effects can have a significant influence on the BDE of a /—0—4’
bond. For example, oxidation of the a-hydroxyl group to a keto
group was found to reduce the BDE by 15 kcal mol~1.5!l The
phenylcoumaran linkage contains a five-membered ring result-
ing from the internal interruption of the intermediate quinone
methide by the phenolic hydroxyl group following the f—5’ link-
age. The ring closure is trans-selective, so there is only one isomer
of the dimer. The a—O—4’ bonds of the phenylcoumaran exhibit
a low computational BDE (about 55 kcal mol™!), indicating that
these structural motifs can be easily cleaved by free radicals un-
der very harsh conditions.!**] Regarding the chemical complexity
of organosolv lignin, it should be added that there is not one
type of p—ether bonds, but different types of structures whose
calculated BDE values, depending on the chemical nature of the
surrounding S-, G-, and H-units (and other substructures), are in
the range of 54-72 kcal mol~'. The results obtained with model
compounds must be viewed critically, as the stereochemical
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influence of the components cannot be considered. In addition
to the type of bond, the chemical integration into the cell wall
structure also influences the reactivity of the individual bonds.

Some mechanistic approaches to ether cleavage during
organosolv process can be formulated. Thus, the C,—O bond in
p—O—4’-structures of organosolv lignin is cleaved under acidic
reaction conditions either directly to form a Hibbert ketone and
a phenolic derivative (Figure 4A1) or to cleave formaldehyde to
form an aldehyde and a phenolic derivative (Figure 4A2). The
cleavage of the C,—O bond in a—O—4’-structures is analogous
to the cleavage of the p—O—4’-structures, since a Hibbert ketone
and a phenolic OH group are formed.>?>4

During the condensation reactions, new stable C—C bonds
(B—p’, p—1’) are formed whose cleavage is not observed in the
organosolv process, while an epimerization of the f—p’ link-
ages is possible.’?] Cyclic a—aryl ether like phenylcoumaran
(a—0O—4’/—5’) have been shown to be relatively more resistant
to degradation during organosolv extraction (see Figure 4B1).
Modeling studies of the acidolysis of f/—5’ structures have shown
that the release of formaldehyde can lead to the formation of stil-
benes (see Figure 4C).1%%]

The released formaldehyde can also initiate another conden-
sation mechanism. The inductive effect of the lignin side chain
leads to higher electron densities in its ortho- and para-position
(see Figure 5A). Under acidic conditions, both methoxy groups
and phenol ether (or free phenol) can also lead to higher electron
densities in their ortho- and para-positions (Figure 5B,C). There-
fore, the sum of the inductive effect of the side chain and the
resonance effect of the methoxy group leads to higher electron
densities at positions 2 and 6 of the aromatic ring.

The electrophilic orientation of the formaldehyde now leads to
the formation of a hydroxyl methylene derivative, which forms a
methylene bridge in the acidic environment with the intermedi-
ary formation of a benzyl cation (see Figure 6).¢]

This formaldehyde condensation is pH dependent, as it tends
to occur at moderate rates in a slightly acidic range.l”) The coexis-
tence of all these substructures in different equilibrium concen-
trations leads to a much higher complexity of the system in terms
of elucidation of depolymerization or condensation processes.*8!

2.2. Analytical Methods for Lignin Structure Elucidation

An important aspect that should not be neglected are the ana-
lytical methods used to determine the structural characteristics
since these are not always comparable.

The molecular weight distribution of lignins is usually de-
termined by size exclusion chromatography (SEC) and re-
sults are expressed as number-average molecular weight (M,),
weight-average molecular weight (M,,), and polydispersity index
(PDI).>1 However, even if SEC is used in most cases, results are
not directly comparable, as there are many influencing factors on
the outcome of the measurement, like the detector used to deter-
mine the retention time (e.g., light scattering, UV absorption, re-
fractive index) or the solvent for lignin dissolution (e.g., sodium
hydroxide in water, dimethyl sulfoxide), while tetrahydrofuran is
often used for gel permeation chromatography.[®! In addition,
the solubility in less polar solvents can be increased by deriva-
tizing the lignin via acetylation, which also has a direct effect on
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Figure 4. Possible reaction pathways after formation of the a carbocation in the f—O—4' ether A the depolymerization (acidolysis) A1 formation of a
ketone (Hibbert ketone) or A2 formation of an aldehyde with cleavage of formaldehyde, B the condensation, where B1 represents the intramolecular
phenyl coumaran formation (f—5) and B2 the interchain condensation and C the acidolysis of /—5’-structures.
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Figure5. Resonance structures of G-unit at acidic conditions (transferable
to other monolignol structures). A) Influence of positive inductive side
chain on basic phenolic structure, B,C) Phenolic ether structures result in
higher electron density in ortho and para position.

the weight-average molecular weight.[°!] Furthermore, the cali-
bration is mostly performed using polystyrene-based standards,
as no lignin molecular weight standards are available, leading to
only relative results and no absolute molecular weights.

To quantify the ratio of monolignols, in particular the S/G
ratio, techniques such as Fourier transform IR (FT-IR) and 2D
NMR spectroscopy, as well as pyrolysis-gas chromatography-

Macromol. Mater. Eng. 2023, 2300093 2300093 (5 of 18)

mass spectrometry (Py-GC/MS), are used. In FT-IR, semi-
quantitative analyses are usually performed on the relative in-
tensities of the specific bands. For this purpose, the aromatic
skeletal vibration at approx. 1600 cm™! is often used as a refer-
ence band for semi-quantitation of C—H aromatic in-plane de-
formation vibration of the S-unit (1130-1115 ¢cm™') or the G-
unit (1160-1130 cm™).I°] NMR experiments can be performed
either in one dimension (‘H, *C, *'P) or via 2D heteronuclear
correlated recordings (heteronuclear single quantum coherence
(HSQC),I%% whereby the latter one is used for the semiquanti-
tative determination of monolignol ratios. Pyrolysis is most likely
to cleave the aryl—ether linkages (e.g., f/—0O-4’ linkage), forming
and detecting their phenolic subunits.l®] Despite the fact that the
respective results obtained with these different analytical meth-
ods are not comparable in absolute terms, e.g., differences in
the amount of monolignols detected by Py-GC/MS versus HSQC
NMR,[%] they are sufficient to see relative trends in the lignins
examined.

The amount of functional groups can be determined by
wet chemical methods such as the Folin—Ciocalteu assay for
the determination of the total phenol content (TPC)?’! or a
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Figure 6. Probable condensation mechanism of monolignol substructures (A) under acidic conditions with in situ formed formaldehyde.

potentiometric titration with tetra-n-butylammonium hydroxide
for the phenolic OH and carboxylic acid groups.[®’! Still, in most
cases, spectroscopic methods are used, in particular NMR (‘H-,
31P-NMR). Despite the obvious usefulness of NMR spectroscopy
for the characterization of lignin, quantitative 2D NMR results
should be taken with a grain of salt. While HSQC NMR has
the advantage of a good resolution between the various species
found in lignins into separate signals, the signal intensity is
not inherently quantitative.[%#%] Meanwhile, progress in the
quantitative application is consolidating with the use of quick
quantitative HSQC (QQ-HSQC) and time-zero HSQC (HSQC,),
which use pulse sequences to better quantify the identified
substructures. However, semi-quantitative determination of the
relative abundance of bonds is possible when the 'H-3C pairs
are in a similar chemical environment, such as aliphatic and aro-
matic agglomeration regions, since one can assume similar ]
values under these conditions, which lead to a similar response
factor.”71 Thus, in addition to the monolignol ratios and OH
abundances, a statement can be made about the distribution
of the various lignin linkages. Burger et al. even address initial
approaches to determine the molecular weight of lignins using
'H NMR and multivariate data analysis.[”?!

3. Parameters Influencing Organosolv Lignin
Structure

The organosolv process has several process parameters that can
be varied to control for example delignification or Klason lignin
content, but also structural properties like M, or the proportion
of aliphatic and phenolic OH groups, independently of the diver-
sity of a biomass. To identify the impact of individual parameters,
this review is limited to acidic ethanosolv processes, as this is by
far the prevalent version of organosolv pulping. Still, there are
many parameters left including temperature, process time, con-
centration of solvent and catalyst, solid:liquid ratio, as well as the
particle size.

The following chapters deal with the influence of these param-
eters on the structural characteristics of lignin. For each process
parameter with sufficient data, there is a table of relevant studies
that performed acidic ethanosolv processes while varying only the
discussed parameter. Without the addition of an acid catalyst, the
organosolv process is autocatalyzed by released acids.”*! For the
optimization of wheat straw organosolv lignin structure, a sim-
ilar approach has already been already published.[”* The goal is

Macromol. Mater. Eng. 2023, 2300093 2300093 (6 0‘F18)

to establish a correlative relationship between “process parame-
ter change < lignin structure”.

3.1. Influence of Process Temperature

First, in this section, the effect of a relative increase in process
temperature on lignin structure is discussed. The studies that in-
vestigated this effect are listed in Table 1, showing the used pro-
cess parameters as well as the resulting lignin characteristics.

Table 1 reflects a clear trend: an increase of the temperature
in the organosolv process leads to a decrease of the M, and M,
and the aliphatic OH groups, while the content of phenolic OH
groups increases, among other things, different types of lignocel-
lulosic biomass were used.

In the organosolv process, especially during the second phase
of delignification, the lignin structure is altered by a combination
of depolymerization and condensation reactions (see Figure 7).
Depolymerization leads to lignin fragments with smaller molar
mass, while condensation leads to lignin fragments with larger
molar mass.!”®]

Which of these concurrent reactions occur can be a matter of
thermodynamic or kinetic control. Theoretical chemical model-
ing provides evidence for thermodynamic control of the depoly-
merization reaction and kinetic control of the condensation reac-
tion, since the average bond dissociation energies of the typical
condensation products are larger than those of the depolymer-
ization products. Also, the average activation energies of the con-
densation products are smaller than those of the depolymeriza-
tion products. Thus, the intermediate, the a-carbocation in the
p—0—4’ linkage, can condense by kinetic control or depolymer-
ize by thermodynamic control.#* These findings are in fact sup-
ported by experimental observations: While increasing the tem-
perature within a certain range directly increases the amount of
depolymerization that takes place. Thus, numerically, the cleav-
age of the p—0O—4’ compound (2 aliphatic OH groups) can lead to
the formation of a Hibbert ketone (1 aliphatic OH group) and/or
a corresponding aldehyde (0 aliphatic OH group). In this pro-
cess, 1 phenolic derivative is formed. Thus, with increasing de-
gree of depolymerization (increasing temperature), the number
of aliphatic OH groups decreases more, and a phenolic group
is added. Furthermore, under these harsh process conditions,
acid-catalyzed elimination reactions can occur at the correspond-
ing aliphatic hydroxyl groups at any time. In contrast, in the

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 7. Schematic representation of the influence of temperature on the weight average during the organosolv process. A) organosolv lignin with
p—0O—4’ ether bonds and uncondensed aromatic fragments, B) Condensed C—C bonds and formation of larger polymer chains, C: Cleavage of f—O—4’

ether bonds at lower temperatures.

most likely condensation reactions, a maximum of 1 aliphatic
OH group is “lost” and no new phenolic subunits are added (see
Figure 4).7885] This theoretically derived trend is also supported
by the experimental work of Ovejero-Pérez et al.l”’! They used
poplar as biomass and isolated organosolv lignin at different pro-
cess temperatures (185, 200 and 215°C) and investigated the av-
erage molecular weight of the corresponding organosolv lignin
structure, which decreased significantly from 9300 + 200 Da
to 7600 + 400 Da and finally to 4400 + 40 Da, respectively.
The results of this study indicate that the bonds of lignin are
cleaved by temperature but not recondensed. They were also
able to justify these observations by analyzing their HSQC NMR
spectra, where the lignins have higher phenolic contents at the
highest temperatures and no recondensation signals in the aro-
matic region. This temperature-related trend is also observed
in the acidic organosolv isolation of lignin from walnut shells.
In their work, Nishide et al. investigated various parameters af-
fecting the organosolv process, such as different solvents, cata-
lysts, and process temperatures.l””) They found that in the en-
vironment catalyzed by alcoholic acids, an increase in temper-
ature leads to a decrease in polydispersity and average molecu-
lar weight. A temperature-dependent trend is also observed by
Yao et al.8% They isolated organosolv lignins from Broussonetia
papyrifera at 150, 160, 170 and 180 °C, respectively, and exam-
ined their structural differences. In addition to the decrease in
M,, from 3350 to 1442 Da, the corresponding OH group concen-
trations also change: the 3'P NMR results show both a decrease
in aliphatic OH groups and an increase in phenolic OH groups.
Again, this phenomenon is attributed to the increasing propor-
tion of /—O—4" bond breaks at higher temperatures.

3.2. Influence of Process Time

The process time of the organosolv pulping also has an influence
on the corresponding lignin structure. In this context, Table 2
presents research that varied the duration of the organosolv pro-
cess and analyzed average molecular weights, and aliphatic and
phenolic OH groups.

As can be seen from Table 2, there is no overall relation be-
tween process time and molecular weight, as both an increase
and a decrease in the M, and M, can be observed. Interestingly,
however, we see that similarly to the increase in process temper-
ature, the concentration of aliphatic OH groups decreases with

Macromol. Mater. Eng. 2023, 2300093 2300093 (8 0‘F18)

longer process duration, while the concentration of phenolic OH
groups increases.

To investigate the influence of process time on the molecular
weight distribution of organosolv lignin from hybrid poplar (Pop-
ulus deltoides x trichocarpa), Meyer et al. used SEC to determine
these distributions over a period of 25 h at three different temper-
atures (150 °C, 180 °C, and 210 °C), as can be seen in Figure 8.17%]

The data show the influence of process time at different pro-
cess temperatures. Overall, the molecular weight tends to in-
crease at longer times. This observation is independent of tem-
perature and is probably due to condensation reactions. They also
showed that the concentration of aliphatic OH groups decreases
and that of phenolic OH groups increases as a function of ex-
traction residence time. Their kinetic model suggests that there
are processes that cause aliphatic OH groups to both accumu-
late and deplete during organosolv extraction, while phenolic OH
groups only accumulate. The rate constants of aliphatic OH accu-
mulation are nearly two orders of magnitude lower than the rate
constant of degradation, and the apparent activation energies of
aliphatic OH accumulation (36 k] mol™!) are more than twice as
high as the apparent activation energy of phenolic OH accumu-
lation (15 k] mol~'). The observed accumulation of condensed
phenolic moieties could result from either 5-5’ chain cleavage
or 5-5’ condensation of two terminal guaiacol moieties. Thore-
sen et al. also showed that longer treatment times lead to a de-
crease in aliphatic OH groups, mainly due to a decrease in f—5’
structures and a corresponding increase in f—p’ structures, in-
dicating the onset of internal condensation.®®! Accumulation of
phenolic fragments is likely to be a fundamental and recurring
problem in time-dependent trend analysis of acidolysis experi-
ments and may explain the differences (see Table 3) when con-
sidering M,,.*®8] Sturgeon et al. developed modeling approaches
for the acidolysis of f—ether bonds in lignin to investigate certain
observed differences in the hydrolysis rates of arylic and alkylic
dimeric f—ethers. The hydrolysis of alkylic model compounds
with aqueous 0.2 M H, SO, solution at 150 °C is about two orders
of magnitude slower than the hydrolysis of the corresponding
arylic counterpart.[*8]

The duration of the acidolysis process should be optimized
for each biomass due to the variability of lignin composition
to achieve a desired order of magnitude for an average molar
mass.®4 Tao et al. isolated lignin from yellow poplar at differ-
ent times using a mixture of methyl isobutyl ketone, ethanol,
and water with H,SO, as a catalyst at 140 °C.3%] Both M, and
M,, decrease on average with time. The M,, of the 30 min lignin

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Table 2. Overview of studies varying the process time during organosolv pulping.

Biomass (particle size) Solvent Temperature  Time  Solid:liquid Catalyst M, M, PDI  Aliphatic OH  Phenolic OH Refs.
[°q [min] ratio [Da]  [Da] [mmol g=']  [mmol g7']
E. globulus (20x25x5 mm) Aqueous ethanol (50 200 50 1:6 Autocatalyzed 1240 3490 2.81 1.985 2.981 [83]
%wt)
75 1250 3820 3.06 1.915 3.002
Liriodendron tulipifera MIBK, ethanol, water 140 30 1:14 H,SO, 1800 8300 4.6 3.41 1.69 [86]
(20%20x5 mm) (16/34/50 % wt) (0.05 m)
45 2000 8300 4.2 2.80 2.33
60 1400 6000 4.3 2.70 2.77
75 1800 6900 3.8 2.52 3.02
90 1300 7100 5.5 2.58 2.82
105 900 5900 6.6 2.27 3.24
120 1400 5700 4.1 2.05 3.52
Soxhlet extracted (toluene) aqueous ethanol (80 80 15 1:10 HCl (0.24 m) 640 831 1.30 ND ND [54]
Walnut shells (<2 mm) %wt)
60 887 1577 1.78
180 1013 1782 176
Soxhlet extracted aqueous ethanol (65 210 15 1:10 Autocatalyzed 1300 3500 2.7 383 20 [78]
(toluene/ethanol (2:1)) %wt)

hybrid poplar (populus
deltoides x trichocarpa)
(0.50- 0.355 mm)

60 1100 2300 2.1 253 3.1
150 800 1200 16 189 3.79
330 900 1500 1.7 139 3.89
720 900 1600 1.7 0.83 3.93
1500 700 1200 1.6 1.09 46
Hybrid Poplar (Populus nigra x ~ Aqueous ethanol (50 180 25 1.7 H,SO, (125 1167 2953 2.53 4.67 2.86 [76]
P. maximowiczii) %wt) %wt)
(< 6.4 mm)
60 1230 3700 2.52 4.49 2.80
95 1087 1942 179 3.78 3.55
Soxhlet extracted Aqueous ethanol (50 160 5 1:10 H,SO, (0.05 2569 8567 3.34 3.89 0.62 [87]
(toluene/ethanol (2:1)) %wt) M)
Broussonetia papyrifera
(2 mm)
10 2466 9229 3.74 4.21 0.54
60 3478 3.99 3.56 0.47
13882
Populus tomentosa aqueous ethanol (60 205 0 1:10 Autocatalyzed 5370 9380 1.75 3.55 1.85 [88]
(40%40%20 mm) %wt)
30 4750 8310 175 2.69 2.20
60 4030 6800 1.69 2.17 2.49
90 3650 5880 1.61 1.88 2.69
120 3480 5400 1.55 1.69 2.62
150 3220 5070 1.58 1.64 2.72
Miscanthus giganteus Aqueous ethanol (95 Reflux 120 1:9 HCl (0.02 m) 1350 2210 .64 ND ND [89]
(<2 mm) %wt)
240 1240 2250 1.81
480 1170 2380 2.03
Wheat straw (< 10 mm) Aqueous ethanol (60 190 90 1:10 Autocatalyzed ND  ND  ND 2.04 2.45 [74]
%wt)
120 1.88 2.55
? Values were taken from figure.
Macromol. Mater. Eng. 2023, 2300093 2300093 (9 of 18) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 8. The SEC chromatograms of ethanol organosolv lignins isolated after different process times (0.25—25.0 h) at a) 150 °C, b) 180 °C and c) 210

°C. Reproduced with permission.[78] Copyright 2020, Wiley-VCH GmbH.

is the highest of all fractions, possibly due to minimal depoly-
merization and side reactions of the lignins in the early stages
of the organosolv reaction. With longer durations, the aliphatic
OH decreases, while the phenolic OH concentration in the lignin
fractions increases. They also explained this observation with the
acid-catalyzed elimination of aliphatic OH and the simultaneous
formation of new phenolic OH via f—aryl ether bonds.

3.3. Influence of Other Process Parameters
3.3.1. Catalysts

The use and concentration of catalysts such as hydrochloric acid,
sulfuric acid, formic acid, or acetic acid in the organosolv process
not only affects delignification,!°!] but can also have an impact on
the chemical structure of the isolated lignins. Higher acid con-
centrations homogeneously catalyze the hydrolytic cleavage reac-
tions, especially of the f—O—aryl bonds.[”?l However, the addition
of acid can also accelerate undesirable reactions, such as conden-
sation of the products.[”?] The acid concentration to be used is
therefore a matter of optimization. There are also approaches us-
ing Lewis acids, like aluminum chloride and iron(III) chloride,
but these still have ecological and economic disadvantages.®*]
Without the addition of an acid catalyst, the organosolv process is
autocatalyzed by the release of an organic acid, mainly acetic acid,
from hemicellulose components such as O-acetyl-4-O-methyl-
glucoronxylan or glucomannan.!”?! In this process, the deacety-
lation of the hemicelluloses is sufficient to lower the pH from
7 to about 4, which initiates the acid-catalyzed solvolysis of the
most unstable p—aryl—ether bonds.[*!

The influence of the addition of 0.5 M HCl compared to the
autocatalyzed process on lignin’s structure was investigated by
Leskinen et al.:?%! the distribution of the chemical substructures
of the isolated lignins did not change, while the M,, decreased
significantly in the acid-catalyzed process. This suggests that the
addition of HCl facilitates hydrolysis reactions which lead to the
depolymerization of some otherwise insoluble high molecular
weight lignins.

A similar observation was made by Huijgen et al.:”*] they iso-
lated lignins at 190 °C after 1 h in 60 % aqueous ethanol, and
added different concentrations of H,SO, (0 x 103, 15 x 10?3,

Macromol. Mater. Eng. 2023, 2300093 2300093 (10 of 18)

and 30 x 10 M, respectively) to examine the structural changes
in the resulting lignins. They used *!P-NMR as well as a wet
chemical method to determine the aliphatic and phenolic OH
content, resulting in no clear correlation with acid concentra-
tion. In fact, they were able to show that with the wet chemical
method used,!””] the content of aliphatic OH groups is minimal
at 15 x 10° M H,SO,, whereas with *'P-NMR a maximum oc-
curs at this acid concentration. In addition, also no effect of the
acid on the molar mass distribution was found. These inconsis-
tent results make it unclear how the addition of sulfuric acid as
a catalyst affects the lignin structure and its functional groups
present.

3.3.2. Ethanol Concentration

The concentration of the solvent used, usually ethanol, also
affects the resulting organosolv lignin. Early yield-oriented work
has shown that the use of mixtures of organic solvents and water
results in more effective delignification of the lignocellulose
compared to pure solvents, since it combines the advantages of
both components. The use of water only results in the extraction
of hemicellulose, leaving the lignin content in the wood.®®%!
In order to achieve better delignification, it is necessary that the
mixture of organic solvent and water has a Hildebrand parameter
of about 25 MPa, which corresponds to the solvent parameter
of lignin.['%! The mixture of organic solvent and water should
facilitate the soaking of the plant tissue and the transport of
the soluble lignin fragments from the matrix to the digestion
solution.l'®] Thus, lignin and hemicellulose can be selectively
dissolved from the lignocellulosic composite while the cellulose
fraction remains. Good solubility promotes lignin solvolysis
and results in a reduction of lignin condensation reactions.[*?]
An increasing lignin solubility with increasing ethanol content
(0-40% wt) has been observed experimentally.'%] In addition to
the technical advantages and disadvantages of varying ethanol
concentration, there are also some approaches that describe the
influence on the structural composition of lignin. According
to experimental work, the influence of an increase in ethanol
concentration is often accompanied by a decrease in M,,. How-
ever, the content of aliphatic and phenolic OH groups is likely to
behave very differently.

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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In a batch experiment, Zijlstra et al. investigated the effect of
increasing the ethanol concentration by isolating lignin from wal-
nut shells at 120 °C for 5 h with 0.18 m H,SO, using 50 %wt,
80 %wt,and 95 %wt, aqueous ethanol.['% In addition to the de-
crease in M, and M,, a decrease in f/—O—4’ bonds from 38 to
28 and 10 per 100 C9 units, respectively, was observed using 2D-
HSQC NMR, next to a parallel increase in condensed S-units.
Paulsen et al. also performed organosolv extractions with differ-
ent ethanol concentrations.[®”) The extraction with the highest
ethanol content (70 %wt) resulted in lignin characterized by a
low PDI. Similarly, the lignin is characterized by an extremely
low content of /—0—4’ linkages and a tendency toward a lower
content of condensed aliphatic f—f’ and p—5" structures.!']
This is justified by a higher total S, + G, aromatic content
with more S than G units, making the lignin more likely to
have unoxidized/condensed aliphatic linkages and thus more
condensed/oxidized aromatic structures. This explanation is sup-
ported by the relatively high proportion of aliphatic OH groups.
The lignin extracted with 50 %wt aqueous ethanol (medium con-
centration range) is characterized by the dominant presence of
p—O—4’ units, the presence of aliphatic condensate structures
such as p—p’ and p—5" and cinnamate end groups. The aver-
age molecular weight showed a maximum. However, it should
be noted that the presence of xylan residues in the HSQC spec-
trum should be considered as a procedural drawback.

3.3.3. Particle Size of the Biomass and Solid to Liquid Ratio

In addition to the above-mentioned process parameters, there are
also possibilities to influence the organosolv process via the parti-
cle size of the biomass used or via the solid/liquid ratio used. Both
parameters are highly process-engineered and primarily serve to
maximize lignin yield. Particle size adjustment impacts specific
particle size distributions and particle shapes, the surface area,
as well as physical and chemical material properties. Most com-
monly, lignocellulosic materials are ground to a particle size of
0.1-15 mm. The choice of particle size is rather arbitrary, mostly
depending on the available mill.[?®] Particle size reduction is not
always an effective way to increase the yield of organosolv lignin,
as shown by Wildschut et al.°!! To date, only a few studies have
investigated the change in lignin structure as a function of the
biomass particle size used. However, some experimental work
has shown that decreasing particle size not only results in higher
lignin yields,!1%! but also affects the lignin’s chemical structure.
Rumpf et al. presented a comparative study of organosolv lignin
from Miscanthus x giganteus and Paulownia tomentosa with parti-
cle sizes 0of 1.6-2.0 mm, 0.5-1.0 mm, and <0.25 mm, respectively,
resulting in a higher M, at a smaller biomass particle size.l*
There are mechanochemical explanations for this behavior of the
average molar mass. For example, Zhu et al. postulated a possi-
ble homolytic cleavage of f—O—4’-bonds.'?”] Subsequent recom-
bination and/or free radical chemistry of the phenoxy radicals or
the g-radical could lead to a larger average molar mass. At this
point, we would like to suggest that for future organosolv pro-
cesses of lignocellulosic biomass, not only the particle size (mesh
size), but also a granulometric characterization of the samples
used should be reported. By providing a particle size distribu-
tion, the influence of different particle sizes on the corresponding
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lignin structure could be more accurately compared with other
organosolv processes. This is because comminution depends pri-
marily on the material anatomy and the mill used.'%] Therefore,
“smaller than” specifications are usually too unspecific, as the
granulometric distribution may still be different.[1]

The solid:liquid ratio is a very practical process parameter. The
choice of ratio is not primarily based on optimizing delignifi-
cation, but on the solvent absorbency of the biomass and the
process conditions.!''%! Factors such as reactor geometry, agita-
tor, or solvent absorbency of the biomass used, justify the se-
lection. Commonly used solid:liquid ratios are in the range of
1:4-1:10.3%92] The influence of the solid:liquid ratio on the corre-
sponding lignin structure is not deeply investigated. organosolv
lignin from pine bark and oak bark, respectively, was isolated by
Liu et al. at different solid:liquid ratios.l”! Solid loading signifi-
cantly affected the total OH groups for pine bark lignin and oak
bark lignin. At higher solid loading (from 1:20 to 1:10), more con-
densation (M,, increases) of lignin fragments was observed, ac-
companied by a decrease in the amount of OH groups due to the
release of C, side chains.['!!]

3.3.4. Combinatorial Severity Factors

In addition to individual observations of process temperature
and process time, combinatorial parameters are often used to de-
scribe the process intensity in a single variable as a function of
temperature and time. This is for example important when com-
paring heating processes and temperature holding times of dif-
ferent organosolv systems with different heating dynamics. The
H-factor is calculated as the time integral of the cooking curve
which depends on the temperature, and is usually used to max-
imize yields in the organosolv process by means of a statistical
experimental design.[''2114] Another possibility is the introduc-
tion of a severity parameter. This allows the effect of different
process parameters such as acid concentration, process temper-
ature and time to be combined in one factor, the combinatorial
severity factor (CSF).['*] Based on the H-factor model:

T (1) - 100
R0=t><exp <T75> (1)
CSF =log,, R, — pH (2)

The severity factor has its origin in the optimization of delig-
nification, which is related to the extraction of cellulose, which
largely goes hand in hand with lignin extraction.'1®117] Many
works that have studied the influence of an increasing process
severity on the structure of lignin have been able to determine
the reduction of lignin’s molecular weight, an increase in the
concentration of phenolic OH groups, and dehydration reactions
on the side chain of the lignin or an increased acidolysis of the
p—aryl—ether bonds.3381.118]

These observations are of course related to the influence of pro-
cess temperature, process time and catalyst concentration since
the CSF is a combination of all these factors. ElHage et al. con-
firmed this trend with the variation of the severity factor during
the isolation of lignin from Miscanthus X giganteus.''*! With in-
creasing CSF (from 1.75 to 2.93), they found a decrease in M,,
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and aliphatic OH group content, and an increase in phenolic
OH groups. Furthermore, they demonstrated the presence of car-
bonyl groups using FT-IR spectra for a CSF >2.8. Accordingly,
the formation of a carbonyl signal is indicative of p—aryl—ether
cleavage and the corresponding formation of a Hibbert ketone or
aldehyde group.

3.4. Influence of Pretreatments on the Organosolv
Process—Autohydrolysis

One of the most used pre-treatment methods is the autohydrol-
ysis (AH) of biomass prior to the organosolv process. It is per-
formed by mixing the biomass with water and optionally with
a catalyst and cooking either under reflux or in a pressure re-
actor. Time and temperature may vary over a broad range from
23 to 480 min and 150 to 200 °C, as seen in Table 3. Afterwards,
the autohydrolyzed biomass is obtained by filtration, dried, and
further subjected to organosolv delignification. Many studies use
the autohydrolysis to extract hemicelluloses in a first step, which
facilitates the delignification and thus leads to a higher lignin
yield. But the yield is not the only parameter that can be in-
fluenced by this kind of pre-treatment: also, the structure of
the lignin, including its molar mass, S/G ratio and functional
group content is altered. Most studies examining these struc-
tural changes compare the organosolv lignins obtained from un-
treated biomass versus autohydrolyzed biomass using an identi-
cal organosolv process; this finding is summarized in Table 3.
There are no overall trends that can be observed when the
same organosolv process is used for pre-treated and untreated
biomasses. Solely the aliphatic OH groups seem to decrease
when an autohydrolysis step is applied. One possible explana-
tion for that might be a lower content of impurities like hemi-
celluloses, which possess many aliphatic hydroxyl groups. When
comparing the purity of organosolv lignins with and without a
prior autohydrolysis step, the autohydrolyzed ones show a higher
purity.[¥7121122] [n contrast, the phenolic OH groups increase in
most cases with the pre-treatment, but there are also two studies
identifying a slightly lower phenolic OH content. One of them,
the work of Zhu et al., is in addition the only one that observed a
decrease in the S/G ratio with the autohydrolyzed biomass, while
in all other cases an increase was noted. When comparing the
molar masses, also no trend is observable, neither for M, and
M,, nor for PDI. As already discussed in chapter 3.1, the process
temperature plays an important role when depolymerization and
condensation reactions compete. In the different studies listed
in Table 3, the temperatures vary a lot, which makes it is diffi-
cult to compare them. Moreover, the autohydrolysis step is again
the combination of many parameters like an additional treatment
time and temperature on top of the organosolv process, as well
as the effect of different catalysts. Ibrahim et al. examined the in-
fluence of temperature, time and catalyst (H,SO,) during AH:(¢”]
with higher severity of the pre-treatment, the PDI decreases while
the phenolic OH and carboxylic acid group contents increase. In
another study, Ibrahim et al. investigated the effect of different
catalysts in the autohydrolysis step.['2*] They used sulfuric, phos-
phoric and oxalic acid, respectively, and found that regardless of
the acid used, M, and M,, were smaller than without catalyst,
while the PDI showed no trend. Moreover, also the phenolic OH
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and carboxylic acid content, again, increased with use of acids.
Grzybek et al. studied an autohydrolysis step with 3 % Na,SO,
at 90 °C prior to the organosolv delignification.'?’! They exam-
ined three different biomasses using the same autohydrolysis
and organosolv process, with no consistent trends for the molecu-
lar weight or the PDI. This leads to the conclusion, similar to sec-
tion 3.1, that the optimal conditions for the organosolv process,
but also for the autohydrolysis pre-treatment, vary from biomass
to biomass and need to be examined for each individually. It has
already been reported, that G units possess a higher tendency
for recondensation reactions,!'?”128] which should be considered
when choosing the pre-treatment conditions.

Another way to modify the organosolv lignin structure can be
the addition of organic scavengers like m-cresol, p-nitrophenol,
2-naphthol, etc., as shown in Table 4. These substances act as
carbenium ion scavengers, that can inhibit recondensation reac-
tions of lignins during hydrolysis, and thus improve the lignin
extractability.'?”] The proposed mechanism is shown in Figure 9.

Here, some trends are in fact observable: when an organic
scavenger is used, M,, as well as the PDI decrease compared
to the process without the scavenger. This can be explained by
the inhibition of recondensation reactions, as shown in Figure 9:
with the addition of the different organic scavengers path B is
favored, leading to smaller molar masses than for path A. The
S/G-ratio is only measured in two of the studies, but both show
either a constant ratio or an increase.

Regarding the functional groups, all studies determined an in-
crease in the phenolic OH group content when the organic scav-
engers were added, which is not unexpected, as these molecules
all possess phenolic OH groups: when they are then incorporated
into the lignin’s structure, they contribute to the phenol content.
The aliphatic OH content again decreases in most cases, as well
as the carboxylic acid and methoxy group content.

4, Conclusion

Variation of the acidic ethanosolv process parameters discussed
here (especially temperature and time) has a significant effect
on the structural composition of the derived lignins. It has been
shown that these parameters influence the ratio of the compet-
ing depolymerization and condensation reactions and thus the
resulting lignin structure. This trend can even be confirmed
independently of the type of lignocellulosic biomass that was
used in the original publications. In addition, the trends derived
from experimental data are supported by computational calcula-
tions such as bond dissociation energies. Direct correlations were
found between process temperature and time with the molecular
weight of lignin and its content of phenolic and aliphatic hydroxyl
groups. With increasing temperature, the molecular weight and
concentration of aliphatic hydroxyl groups decrease, while the
concentration of phenolic hydroxyl groups increases. A similar
development is indicated for longer process times and the addi-
tion of an autohydrolysis step prior to organosolv pulping, but
this is not entirely consistent when molecular weight is consid-
ered. Yet, when an organic scavenger is used for the autohydroly-
sis, M,, as well as the PDI decrease compared to the process with-
out the scavenger, while the phenolic OH content increases. The
data set is not large enough to determine further trends for other
process parameters (like particle size, solid:liquid ratio, etc.), but
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some influences could be specified and can often be attributed to
the ratio of depolymerization versus condensation reactions.

With the additional knowledge gained from this review,
ethanol-organosolv lignins can be isolated more specifically for
the desired application using simple process engineering meth-
ods. For example, increasing the temperature could increase the
amount of phenolic hydroxyl groups, which can possibly be used
to directly influence the antioxidant capacity, as this property pos-
itively correlates with the phenol content. Thus, a tailor-made iso-
lation for the desired application seems possible.
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