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Abstract

The solvolysis of technical lignins was evaluated using water/ethanol solvent mixture with the aim of producing monomeric
aromatic compounds in a continuous flow bench reactor. Four lignins issued from various biomasses (softwood, wheat straw) and
extracted using different pulping processes (kraft, soda, organosolv) were engaged in the study. Before being converted, these
lignins (two kraft, a soda, and an organosolv) were characterized by a multitechnique approach coupling compositional analysis,
NMR, IR, GC, and SEC. Data thus obtained allowed us to point out the main differences in terms of structure and chemical
composition. Based on its high solubility in water and water/ethanol mixture, alkaline lignin (i.e., from the kraft process) was
used to optimize the reaction parameters. Thus, we found out that working at 225 °C under 8 MPa nitrogen using a 1-wt% basic
solution of lignin allowed to operate the reactor without difficulties (no foam formation, no char) when a 1/1 water/ethanol
mixture was used. Under these conditions, alkaline lignin was converted up to 76%. Other lignins were then evaluated leading to
conversions between 46 and 74%. The reaction mixture obtained was fractioned to PM (precipitated matter), OP (organic
products), and AP (aqueous phase soluble products) to allow careful analyses of the products. Analytical data obtained showed
particularly that the number of 3-O-4 linkages in the remaining solid material (PM) decreases significantly (up to —95%) that
correlated with the formation of monomeric organic compounds in OP, however in low amount due to over reactions leading to
compounds evolving in the aqueous phase. Generally, whatever the lignin, guaiacol is the main aromatic compound observed
under all reaction conditions evaluated.
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1 Introduction
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(guaiacyl), sinapyl alcohol (syringyl), and p-coumaryl alcohol
(p-hydroxyphenyl) are the three building blocks and the com-
position of lignins can vary depending on the biomass; even
within a tree variation in composition can be observed [3].
Ether bonds (i.e., C—-O bonds) and carbon—carbon (i.e., C—C)
bonds are the most prevailing type of linkages between lignin
monomers. Evidently, the ether bonds are the easiest to cleave
and the C—C are the hardest ones [4]. In addition, the complex
nature of lignin isolation steps can greatly modify the proper-
ties and the structure of native lignin and not always as benefit
of lignin valorization [5].

Native lignin, i.e., lignin as a biopolymer present in ligno-
cellulose, is well described in the literature. It can undergo
several treatments to give technical lignins, as for example
the kraft lignin produced in the kraft process. The structure
of technical lignins is different from native lignin: ether bonds
are less present, C—C bonds between aromatic moieties are
created by recondensation reactions, heteroatoms like sulfur
are introduced, etc. Despite several improvements in the
knowledge of the structure of technical lignins, their exact
chemical structure is today still not fully resolved making
necessary the use of different complementary analytical tech-
niques whose results should be carefully considered in the
absence of standardization of analytical protocols [6].

Even though 50 million tons of technical lignin are proc-
essed by the paper industry, only 100,000 tons of kraft lignin is
diverted for other applications than energy use [7]. Value-
adding applications for lignin are limited to few examples prob-
ably due to recondensation/repolymerization reactions and the
presence of minerals that make such upgrading difficult. To the
best of our knowledge, among all types of produced lignins, the
Borregaard’s lignosulfonates of the vanillin process is one of
the commercially successful lignin upgrading process.

Organosolv processes for lignin extraction were developed
as environmentally alternatives to the kraft process [8—10].
Organosolv lignins contain generally lower residual minerals
and carbohydrates, but due to elevated temperatures and pres-
sures, lignins present generally highly modified structures
compared to that of native lignin [11, 12]. Nevertheless, in
these processes, alcohols were proven to be good solvents to
fraction lignocellulosic materials to produce pulp [13]. Next to
preventing partial recondensation reaction through their H-
donor properties, alcohols, or alcohol/water mixtures, can
readily help to cleave ether bonds present in lignin. Despite
the limited role of ethanol on C—C bond cleavage, since ether
bonds in lignin represent ca. 80% of the intermolecular link-
ages, it is reasonable to expect an effect of the use of alcohol in
lignin depolymerization [14]. Inspired by these results, in re-
cent years, pure ethanol and water/ethanol systems under sub-
and supercritical conditions were used to produce aromatics
from lignin [15-17]. Beyond the economic factors that make
ethanol an interesting co-solvent, it also presents interesting
features for application in lignin valorization. The free radical
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scavenging property can limit the condensation reactions
which counter the depolymerization step [18]. Another advan-
tage of ethanol is it can act as a nucleophile reagent for ether
cleavages [19]. Finally, the rather facile recovery of ethanol by
simple evaporation step will lower operation costs.

An alternative approach to the use of alcohols as co-sol-
vent, or other capping agents, to prevent recondensation was
based on a continuous-mode operation reported by Hulteberg
et al. [20]. They demonstrated that treating Indulin kraft lignin
in continuous flow reactor in the presence of sodium hydrox-
ide at 240 °C led to the formation of monomeric and oligo-
meric products. Millireactors were used in two studies [21, 22]
for the basic depolymerization of kraft lignin. In both cases,
the application of short residence times had a favorable impact
on monomeric compounds. To the best of our knowledge, the
conversion of lignin in a fixed reactor using a mixture of
ethanol and water was never studied.

Several works related to lignin upgrading have been report-
ed in the literature and reviewed [23-29]; however, there is
still a need for processes valorizing technical lignins in an
economically viable way. Such lignins are recalcitrant mate-
rials that usually yield a lot of chars as final product.

The hydrothermal conversion of lignins in basic aqueous
and alcoholic media was recently reviewed by Otromke et al.
[30]. The reaction usually takes place between 200 and 350 °C
and leads to the cleavage of ether bonds at low temperature.
Monomeric and oligomeric compounds are usually isolated
and analyzed.

In this paper, we studied the solvolysis of several technical
lignins in a water/ethanol mixture in a flow reactor in mild con-
ditions associated to fractionation process of the reaction mixture
in order to recover separately the monomeric aromatic com-
pounds from the oligomeric products and residual nonliquefied
lignin fraction. Operating conditions were designed in a green
engineering perspective: mild temperature, cheap and nontoxic
solvents, and no char production. Implementation of biorefinery
processes, such as lignin transformation, in continuous reactors
is important for the design of intensified processes. This work
aims to demonstrate the feasibility of technical lignin valoriza-
tion in mild conditions in flow reactor.

2 Materials and methods
2.1 Starting materials

Ethanol (Carlo-Erba 99%), K,COj3 (Sigma-Aldrich), KHCO;
(Carl Roth 99%), KOH (Chimie Plus 85%), HCIl (Sigma-
Aldrich 37%), acetone (Merck chemicals 99.8%), and all
chemicals were used as received without further purification.
Silicon carbide was used to fill the reactor (VWR, grain size
1.65 mm).
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Four technical lignins were selected for the study. It was
decided to focus on lignins representative of industrial pro-
cesses, i.¢., kraft and organosolv processes.

Kraft lignin from spruce (hereinafter alkaline lignin) with
low sulfate content was obtained from Sigma-Aldrich France,
Protobind 1000 soda lignin type was isolated from wheat
straw, and Sarkanda grass was obtained from Green Value
SA Switzerland.

Another kraft lignin was produced starting from a black
liquor (maritime pine) from the paper industry (40% wt%
dry matter). The highly alkaline black liquor was first neutral-
ized with CO, by bubbling to precipitate lignin. After centri-
fugation, the recovered solid has a purity of 60%. It was fur-
ther washed with a 2-wt% H,SO, solution followed by cen-
trifugation. After three washing and drying cycles, a purity of
92% was achieved (from Klason + acid-soluble lignin follow-
ing TAPPI T22 om-02 and TAPPI UM 250 measured imme-
diately after preparation).

An organosolv lignin was produced from wheat straw by
extraction using a mixture of formic acid and acetic acid fol-
lowing the CIMV process. The liquor used was a mixture of
acetic acid/formic acid/water in 60/20/20 ratio, at 100 °C.
After evaporation of the organic acids from black liquor, the
lignin was recovered by precipitation by adding water.

These lignins were analyzed by complementary tech-
niques. Associated data can be found in Tables 1, 2, and 3.

2.2 Reactor

Experiments were carried out in a trickle-bed reactor setup
manufactured by Vinci Technologies operating between 150
and 275 °C. The reactor was a stainless-steel tube of 60 mL
filled with SiC (carborundum). Initial lignin solution
contained 1 wt% lignin and, when added, 0.1 wt% base.
After complete dissolution of components, the mixture was
fed to a liquid reserve of 3 L from where a diaphragm metering
pump delivered the liquid at the top of the reactor at
20 mL h™'. Nitrogen gas was delivered at 12 MPa on the
setup; a pressure relief valve was used to adjust to 10 MPa
and a mass flow controller (Brooks 5850 TR) assured a con-
stant 10 NL h™' flow. Gas and liquid were mixed at the top of
the bed and trickle down co-currently. Effluent leaving the bed
was cooled with a small tubular heat exchanger and entered a

high pressure gas—liquid separator. A back-pressure regulator
ensured an 8-MPa pressure in the apparatus and discharged
the excess gas; for the liquid, a level regulator coupled with
control valve (Kammer) ensured a constant liquid level. The
flowsheet of the setup can be found in the ESI. Two pressure
transmitters (Keller PR33 and converter K-104) were installed
upstream and downstream of the reactor to monitor the pres-
sure drop in the reactor.

2.3 Product fractionation

To ensure careful analyses of the reaction mixtures, they were
fractioned into three phases (more details in the ESI). An
aliquot of 50 mL was sampled and 10% HCI solution was
added until pH 1 (checked with a pH indicator). The resulting
solution was mixed for about 2 min that produced a color
change from dark brown to light brown due to residual lignin
precipitation. After centrifugation at 4000 rpm for 10 min, the
solid was separated from the supernatant and dried under vac-
uum for 6 h. It was weighed to give an estimation of precip-
itated matter (hereinafter PM). The liquid phase was extracted
thrice with 50 mL dichloromethane, and both organic and
aqueous fractions were then concentrated separately on a ro-
tary evaporator and dried under reduced pressure. After
weighing, the organic phase (OP) was then diluted in acetoni-
trile before analysis. The aqueous part (AP) was redissolved in
THF; it contained water-soluble lignin fragments. The residu-
al salts from upstream processes (kraft, soda, etc.), Cl from
hydrochloric acid used for precipitation, and the residual base
when added are not solubilized in THF and could be therefore
separated. Fractionation protocol was repeated two or three
times from the same reaction mixture to assure reproducibility
of the experimental procedure. The experimental error margin
was found to be < 6% for OP fraction, < 3% for AP fraction,
and < 0.6% for PM fraction.

2.4 Analytical techniques
2.4.1 Klason lignin
The standard procedure from NREL “Determination of struc-

tural carbohydrates and lignin in biomass” [31] was used to
obtain the Klason lignin content.

Table 1 Origin of the four technical lignins

Designation Initial biomass Pulping method Supplier

(A) Alkaline lignin Spruce Kraft Sigma-Aldrich
(B) Kraft lignin Maritime pine Kraft FCBA

(C) Protobind 1000 Wheat straw and Sarkanda grass Soda Green Value SA
(D) Organosolv lignin Wheat straw Organosolv (acetic acid/formic acid)

@ Springer
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Table2  Chemical composition of technical lignins
Designation Elemental composition (%) Water content ~ Ash content ~ Acid-soluble  Acid-insoluble ~ Combined sugar
(Wt%) (Wt%) lignin (wt%) lignin (wt%) content (Wt%)
C H o S

Alkaline lignin 48 5 34 4 6 20 39.5 473 1.4

Kraft lignin 62 5 29 4 3 2 3.9 87.0 1.8

Protobind 1000 62 6 30 1 2 13.6 82.7 2.0

Organosolv lignin 60 6 32 0 2 49 85.4 3.0

The standard procedure from NREL ““Determination of structural carbohydrates and lignin in biomass” [31] was used to obtain the data related to acid-soluble
lignin (ASL), acid-insoluble lignin (AIL), and combined sugar content (CSC). C, H, O, N, and S content measurements were obtained from elemental analysis.
Water (weight loss at 105 °C) and ash content (residual solid at 1000 °C) were measured by thermogravimetric analysis. For lignin containing high ratio of
inorganics (i.e., alkaline and Protobind 1000 lignins), mass balance overlaps 100% due to difficulties in determining properly the Klason lignin, particularly ASL

2.4.2 GC

Monomers in the organic phase were analyzed on a
Shimadzu 2010 GC-FID equipped with a Phenomenex
Zebron ZB-5HT capillary column and on a Shimadzu
GC-MS QP2010 equipped with a Supelco SLB-5MS
column. Samples were dissolved in acetonitrile before
analysis. Product identification was possible by compar-
ing MS data with the NIST 2017 Mass database.
Toluene was used as an internal standard. OP fraction
was not solely composed of monomeric but also oligo-
meric molecules that were hard to vaporize and detect
with a GC apparatus. A, <0.3%.

2.4.3 NMR

Phosphorus and HSQC (heteronuclear single quantum
coherence) NMR measurements were collected on a
Bruker Advance III 400 MHz with a BBFO probe.
Selected samples were analyzed with the *'P NMR
technique to quantify the —OH groups, and samples
were prepared using a previously reported procedure
(see the ESI for details) [32, 33]. The 2D HSQC exper-
iments were performed on PM and OP fraction samples
after dilution in deuterated DMSO; details on the acqui-
sition parameters can be found in the ESI

Table 3  SEC analysis of technical lignins
Mw initial lignin (mol/g) PDI* initial lignin
Alkaline lignin 3519 1.6
Kraft lignin 1740 13
Protobind 1000 2086 1.4
Organosolv lignin 3884 1.9

*PDI polydispersity index
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2.4.4 SEC

Size exclusion chromatography was performed to determine
the molar mass of lignin samples before and after the reaction.
Two columns in series were used: a PL aquagel OH mixed M
and a PL aquagel OH mixed H. The mobile phase was an
aqueous solution of borate 0.05 M (pH=9), at 0.5 mL min "
flow. The detector was a refractometer. Polystyrene sulfonate
standards were used for calibration. Solid samples were dis-
solved in aliquots of eluent before analysis.

2.5 Solid characterization
2.5.1 Elemental analysis

C,H, O, N, and S content measurements of initial lignins were
done by SCA-ISA. Oxygen was measured after pyrolysis and
quantification of CO by a specific IR detector. Carbon, hydro-
gen, nitrogen, and sulfur were measured after total combustion
of'the sample and quantification of CO,, H,0, N,, and SO, by
a thermal conductivity detector.

2.5.2 Infrared

FTIR measurement was performed using a Vector 22 spec-
trometer, and 100 scans from 400 to 4000 cm ' were collect-
ed. Samples were prepared by mixing 2 mg of lignin sample
with 400 mg of KBr, and an aliquot of 200 mg was used to
prepare the pellet.

2.5.3 Thermogravimetric measurements

TGA was performed on TGA/DSC1 thermogravimetric ana-
lyzer from METTLER TOLEDO. The samples were analyzed
as received using a heating rate of 5 °C/min from 25 to
1000 °C. Air was used as carrier gas. It was assumed that
water content corresponds to the weight loss at 105 °C, where-
as the remaining weight at the end of the procedure corre-
sponds to ash content.
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3 Results and discussion

3.1 Composition and characterization of technical
lignins

3.1.1 Material

Four different lignins were used in this work (more details in the
ESI). Most of the studies were done using commercial alkaline
lignin provided by Sigma-Aldrich. This lignin was found to be
highly soluble in water, as received. It was produced from soft-
wood and contained mainly guaiacyl (G) and p-hydroxyphenyl
(H) units and was commercialized as a low sulfonate lignin, but
no further information was provided except the botanic origin.
The kraft lignin was prepared by FCBA starting with a black
liquor from maritime pinewood and following the procedure
described above. This lignin includes mainly G and H units.
Annual plants, composed of G, S (syringyl), and H units,
were used for the preparation of the Protobind 1000 and
organosolv lignin. The Protobind lignin was provided by
Green Value and was obtained using the soda process (<
165 °C and ~150 g L™ of NaOH). Based on the low level
of ash in this lignin, it was assumed that it was precipitated
from black liquor using H,SO,4. The organosolv lignin was
prepared by an organosolv process as described in Section 2.1.

3.1.2 Chemical analyses

Except the alkaline lignin, all the samples contained high
amounts of acid-insoluble lignin (i.e., Klason lignin) and are
consequently not soluble in pure water (Table 2). All lignins
showed residual sugars moieties. Both kraft lignin and alkaline
lignin contained sulfur since Na,S was used for pulping. In gen-
eral, all the samples present similar characteristics: low water
content, low ash content, and low sugar content, except the al-
kaline lignin, which was very different: the ash content was high,
as well as the acid-soluble lignin content. It was assumed that
alkaline lignin extracted from spruce wood probably contained a
lot of remaining inorganics coming from pretreatment additives.

3.1.3 Size exclusion chromatography analyses

The size exclusion chromatography (SEC) analysis of starting
materials was useful in determining an average molar mass of
lignin samples. The molecular mass varied from one sample to
another without a clear correlation with the type of biomass or
the kind of pretreatment applied (Table 3). Organosolv lignin
has the highest molecular weight, around 3900 Da, which
corresponds to more than 20 guaiacyl units per molecule.
Alkaline lignin also has a high Mw (3500 Da). Protobind
1000 and kraft lignin have lower initial molecular mass,
around 2000 Da. These values are in accordance with molar
masses reported in the literature [22].

3.1.4 FT-IR characterizations

On the FT-IR spectrum of lignins (see the ESI), only a
few bands can be attributed without ambiguity. Bands
above 1600 cm ', namely the O-H, C-H, and C=0, and
1510 cm™' for the aromatic moieties of lignin are “pure”
bands [34]. They can be used to follow the evolution of
lignin transformation. Moreover, they can also be used to
differentiate lignin types. When lignin originated from
softwood (alkaline and kraft), the bands’ intensity was
higher between 1505 and 1515 cm™ ! than the bands’ in-
tensity between 1600 and 1700 cm'. For lignins from
straw, the intensity was similar for those bands. It was
also possible to identify the origin of lignin by the pres-
ence or absence of a band at 1118 cm ™' typical of syringyl
units. Evidently, this band was absent for softwood lignins
(i.e., alkaline and kraft); however, it was observed for
Protobind and organosolv lignins. One can note that
organosolv lignin also has a band typical for quinones
around 1655-1675 ¢m'. On alkaline lignin, the broad
peak at 16011710 cm ™' was attributed to aromatic skel-
etal vibrations and C=0 stretching, and the peak at 1030—
1040 cm™' was attributed to aromatic C—H in-plane defor-
mation, C—O deformation in primary alcohols, and C=0
stretching. The characteristic peak for G units at
1140 cm ™' was present in all samples.

3.1.5 Liquid NMR characterizations

>'P NMR can give, after careful phosphitylation following the
procedure provided in Section 2.4.3, valuable information on
lignin samples with a relatively short amount of time com-
pared to '*C NMR [35]. Only free hydroxyl groups were
quantified; hence, oxygen molecules trapped in C—O-C or
carbonyl (i.e., CHO, COOR) bonds were not be visible
(Table 4). Thus, five types of free —OH could be quantified:
aliphatic OH, guaiacyl-OH, p-hydroxyphenyl-OH, carboxylic
acid, and phenolic ~OH from condensed and syringyl units
that were not distinguished due to overlapping of the signals
[36].

Comparison of *'P NMR and elementary analysis shows
that around 20-30% oxygen atoms were involved in C—O—-C
and C=0 bonds. Free —OH functions were present in various
forms, as an illustration of the diversity of chemical composi-
tion of technical lignins. —OH groups from aliphatic and con-
densed phenolics were majority in all samples. Alkaline lignin
exhibited a remarkably high level of condensed phenolics.
Kraft lignin has the highest content of —OH in G units. As
noticed from FT-IR, Protobind and organosolv lignins had a
relatively high content of carboxyl groups. Protobind also
exhibits a high amount of condensed or syringyl units, where-
as organosolv lignin contains a lot of aliphatic alcohols.

@ Springer
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Table 4 *'P NMR results for technical lignins
Lignin Alkaline Kraft Protobind Organosolv
lignin lignin 1000 lignin
Oxygen content (wt%)* 34 29.1 29.5 31.9
Oxygen content in C—O-C and CHO/COOR bonds (wt%) nd® 20.6 20.1 25.8
Oxygen content in COOH functions (wt%) nd?® 1.0 2.9 1.6
Oxygen content in carboxylic hydroxides COOH (wt%) nd?® 0.5 1.4 0.8
Oxygen content in —OH groups incl. COOH hydroxyls (wt.%)° n.d.® 8.5 9.4 6.1
Distribution of —OH groups (%) —OH in aliphatic moieties 339 23.7 39.5
—OH in condensed phenolic and syringyl moieties 26.4 35.6 21.1
—OH in guaiacyl moieties 30.2 15.2 18.4
—OH in hydroxyphenyl moieties 38 10.3 7.9
—OH in carboxyl moieties 5.7 15.2 13.2

#Measured from elemental analysis

® Due to the high amount of salts in this lignin, it was necessary to preliminary “wash” it. For this, after dissolution iOn pure water, lignin was precipitated
using sulfuric acid and washed several times after centrifugation. Therefore, the reported value of Klason lignin represents only a fraction that prevented
to obtain quantitative data representative of the lignin really used in experiments

¢ Calculated from *' P NMR on the basic of quantitative determination using cyclohexanol as internal standard after phosphitylation of the sample (see

2.3.4and 3.1.5)

The HSQC spectra are presented in Fig. 1 (see Figs.
S1-S3 for typical HSQC spectra assignments correlated to
structural fragments observed in lignins). The alkaline lig-
nin and organosolv lignin do not have high amounts of
ether linkages and are not visible (0C/éH, 84.4—86.2/4.22—
4.39). The initial organosolv lignin contains acetylated
fragments as discussed in Section 3.1.4, and the peak
centered at 20.8/2.28 (6C/6H) corresponds to acetyl sig-
nal. In all the samples studied, the correlation signal for
methoxy groups (56.3/3.7) was intense. In a regular
HSQC pulse sequence, the 'JCH dependence of polariza-
tion transfer is not suppressed; hence, peaks are not quan-
titative in the entire spectral range [37]. Semiquantitative
data can be obtained using a normal HSQC experiment
for 'H-1*C pairs in a similar chemical environment [38].
Using volume integration of the NMR spectra, a rough
estimation is given on the repartition G/H/S aromatic
units. In the aromatic region, the difference in composi-
tion in terms of p-hydroxyphenyl, guaiacyl, and syringyl
(H/G/S) can be clearly distinguished. The analysis con-
firms that alkaline lignin and kraft lignin are composed
of G and H units, while Protobind and organosolv lignins
contain the three G/S/H units. p-Coumarate signals were
only present in Protobind and organosolv lignins that is
expected given their botanic origin. From the same HSQC
experiments, we estimated the number of interunit (3-O-4
linkages following the procedure reported by Sun and
coworkers [39]. Data indicate that the botanic origin and
the extraction process affect the content in 3-O-4 linkage
that varies from 3.5 to 14.2 units/100 aromatic units (see
Table S2; Table 5).

@ Springer

3.2 Solvolysis studies on technical lignins
3.2.1 Initial experimental screening

Before engaging lignins in studies related to hydrolysis/sol-
volysis, starting materials were submitted to the fractionation
protocol depicted in Fig. S5. All lignins gave a negligible
amount of products in the organic phase. However, alkaline
lignin yielded an important amount of products in aqueous
phase (46%). All the other lignins gave more than 90% of
solid fraction corresponding to the initial material. The pro-
portion of precipitated matter is close to the content in Klason
lignin (see Table 2).

Next, screening of the temperature conditions was realized
before exploiting the trickle-bed reactor setup varying the tem-
perature between 150 and 275 °C with a 1-wt% solution of
kraft lignin in a water/ethanol (50/50) mixture. Liquid flow
and gas flow were fixed to 20 mL/h and 10 L/min, respective-
ly. In these experiments, we mainly focused on the mass bal-
ance as it indicates the loss of materials due to either evolution
of products in gas phase or the formation of solid materials
(i.e., char) inside the reactor. Working at 4 MPa nitrogen be-
tween 150 and 225 °C revealed a mass loss of 10 and 17%,
respectively. Working at higher temperatures resulted in heavy
mass loss and reactor plugin that was attributed to char forma-
tion. Therefore, working nitrogen pressure was increased to
8 MPa. Thus, under such pressure conditions, mass loss at
225 °C corresponded to that previously observed (i.e., 17%);
however; at higher temperatures (250 and 275 °C), it in-
creased to 60—-65% mainly due to the formation of char and
products in the gas phase.
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Fig. 1 Side chain region on the HSQC spectra of technical lignins

3.2.2 Solvolysis of alkaline lignin

Effect of water/ethanol ratio Solvolysis reaction with a mix-
ture of water and ethanol was performed at 225 °C,
8 MPa, keeping the liquid and flow conditions as before.
As explained above, reaction conditions were selected to
minimize the formation of char and maximize the lignin
conversion characterized by the amount of products found
in the organic phase after fractionation. After the test, the
reaction mixture was submitted to a fractionation proce-
dure to isolate and analyze independently the organic,
aqueous, and solid fractions (Fig. S5).

Alkaline lignin was chosen as a reference because of its
high solubility in all solvent mixtures. Five experiments
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using different water/ethanol compositions varying be-
tween 100/0 and 40/60 were carried out under the condi-
tions defined before (i.e., 225 °C, 8 MPa, liquid flow and
gas flow conditions being the same as reported in
Section 3.2.1). In higher ethanol containing solvent mix-
ture, lignin was not fully soluble, so for preventing the clog-
ging of the tubular reactor, the higher ethanol limit content
was fixed to 60 wt%. Figure 2 clearly shows the impact of
adding ethanol on the distribution of the three product frac-
tions. In pure water, only 2% OP was obtained together with
35% AP and 62% PM. Noticeably, the last is slightly higher
to the Klason lignin value of initial lignin (i.e., 47% KP).
This indicates that condensation of small fragments oc-
curred when pure water was used as the solvent.

@ Springer



Biomass Conv. Bioref.

Table 5 Summary of technical lignin analysis

Lignin Alkaline lignin Kraft lignin Protobind 1000 Organosolv lignin

Initial biomass Spruce Maritime pine Wheat straw and Wheat straw

Sarkanda grass

Pulping process Kraft Kraft Soda Organosolv

Klason lignin (%) 47 87 83 85

Molecular weight (Da) 3520 1740 2090 3880

%0 in C-O—C bonds n.d. 6% 6% 8%

Chemical groups® G/H (93/7) G/H (88/12) G/S/H (53/34/13) G/S/H (67/23/10)
B-0-4 (4.7)° B-O-4 (14.2)° B-0-4 (3.5 B-0-4 (11.5)°

F, aliphatic, methoxy

Remarks — No syringyl — No syringyl

— High inorganic content

F, aliphatic, methoxy

FA, aliphatic, carboxyl,
methoxy, coumarate

FA, aliphatic, carboxyl, methoxy,
coumarate, quinone

— Carboxyl abundant — Aliphatic abundant

— OH guaiacyl abundant

G guaiacyl, H hydroxyphenyl, S syringyl, /' ferulate
#From HSQC

® Expressed per 100 aromatic units. Calculated from the HSQC spectra following the procedure reported in the Supporting information

Adding ethanol resulted in decreased amount of PM from
63 t0 25-29% in favor of OP fraction that rises from 2 to 35%.
Except small variations, AP remains constant after growing
from 35% in pure water to ca. 40-44% when ethanol was
used. Two factors can be advanced for explaining these
observations:

(i) Adding ethanol favors lignin fragmentation, either by in-
creased solubility or consecutive reaction with the prod-
uct so that they are more stable under the reaction condi-
tions, leading therefore to increased amount of low mo-
lecular weight compounds in OP.

(i) Ethanol reacts with some of the lignin fragments so that

they are then soluble in OP either directly or via radical
routes [15].

The first argument is evidenced by the increase of the GC-
detected and quantified products, the latter by the ether signal
on the HSQC spectra. Improved solubility does not necessar-
ily mean better conversion; indeed, Ni and Hu showed that
optimum lignin removal was observed in the Alcell process
for ethanol concentration 55-70% [40]. An optimum for lig-
nin conversion was also observed when ethanol concentration
was around 50-65 wt% [41, 42]. The synergetic effect of
water and ethanol on lignin is not fully explained.
Nevertheless, this observation can only have a positive out-
come on the process as water is cheaper than ethanol.

The fractionation of alkaline lignin before reaction yielded
only 2-3% OP products. Hence, the solvolysis of lignin with a
mixture 50/50 water/ethanol led to multiply by a factor of 10
the yield in organic products.

GC analysis of the OP products (small molecules) shows
that the effect of ethanol is rather limited until the 50/50 ratio is
reached; in fact, the yield of identified monomers remained
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stable at about 2—4 mg/gj;enin (Table 6). Guaiacol remains the
main product in all the experiments that can be assumed to be
a relatively stable end product. With the exception of vanillin,
most of the product yields were increased; it is likely that
vanillin degradation occurred in the presence of ethanol.
Para ethylated, methylated, and propylated products are ob-
served when there was an important amount of ethanol. The
identified products correspond to those already described in
hydrothermal conversion of lignin at low temperature [21,
30]. They are lines of evidence that ethanol is evolved in the
reaction scheme, either by stabilizing phenolics from under-
going condensation reactions or by reacting with lignin to
form stable products. Alkylation at para position with frag-
ments from ethanol was suggested by Hensen et al. during

M Organic phase B Aqueous phase Precipitated matter

100
90
25
80 29
51
X 70 63 57
c
.0 60
=
3 50 44
£
5 40
o
30 "
20 40
10
0
100/0 90/10 75/25 50/50 40/60
Water/EtOH

Fig. 2 Composition of reaction products after hydrolysis/solvolysis of
alkaline lignin. Reaction conditions: 225 °C, 1 wt% lignin in water/etha-
nol, 8 MPa, 10 NL h™' N, no base
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Table 6 Composition of the

organic phase mg/gjignin effect of Monomers yield (mg/gjignin) Water/ethanol ratio
ethanol concentration

100/ 90/ 75/ 50/ 40/

0 10 25 50 60
Phenol - - 0.1 0.4 2.6
Guaiacol 1.2 1.2 2.2 4.0 18.6
Creosol - - - 0.2 0.9
5-Methylguaiacol - - - 0.2 0.9
Vanillin 2.1 2.1 1.2 0.3 -
p-Ethylguaiacol - - 0.1 1.5 34
2,6-Methoxyphenol - - - 0.1 04
Eugenol - - - 0.5 0.6
Isoeugenol - - 0.1 04 0.5
Acetovanilone 0.8 0.8 0.7 01.0 2.1
p-Propylguaiacol - - 0.1 0.2 0.7
Homovanillyl alcohol - - 0.2 - 0.8
Guaiacylacetone 1.2 1.1 0.4 1.1 1.1
Ethylhomovanillate - - 0.6 1.0 1.1
Ethyl-3-(4-hydroxy-3-methoxyphenyl)propionate - - - 0.3 0.8
Total 54 5.0 5.8 114 34.6

supercritical ethanol treatment of lignin [15]. In the case of our
study, it is difficult to draw such conclusions due to very
different reaction conditions, but ethanol definitely helps pro-
duce alkylated products. Next to helping lignin fragmentation,
ethanol probably participates in the reaction producing
alkylated compounds either by direct alkylation or more prob-
ably via radical mechanisms, as ethanol is being known to act
as a radical scavenger. On the GC spectrum, products issued
from side reactions of ethanol were observed; mainly, it was
highlighted that ethanol delivers higher alcohols as well as
esters and acids. The formation of such side products is prob-
ably catalyzed by the slightly basic reaction media (pH 8-9)
that initiates dimerization and esterification [43]. Furanic de-
rivatives were not included in the table as they are most likely
derived from the carbohydrates present in lignin samples.

Detailed characterizations of OP and PM fractions The frac-
tions from solvolysis of alkaline lignin conducted at 225 °C,
50/50 water/ethanol mixture, were analyzed in detail by a
multitechnique approach.

3P NMR of the organic phase showed the prevalence of
hydroxyl groups belonging to guaiacyl and condensed pheno-
lics. When we compare the OP fraction to the initial lignin, the
amount of aliphatic hydroxyl groups was reduced (Table 7).
The removal of polysaccharide moieties can decrease the hy-
droxyl present in the sample, but alkylation of hydroxyl
groups and liberation of small alcohols are more likely to
explain this decrease. As a reminder, the amount of polysac-
charides present in lignin represents only a small fraction (less
than 2%). The G units in the OP fraction are also increased.

The amount of condensed phenolics in the OP fraction
decreased.

The analysis of the OP fraction by HSQC (Fig. 3) showed
that most of the 3-O-4 linkages (Axp, x = G, H, or S) are
cleaved, and it is evident that under our condition, C—O-C
are more reactive than condensed structures [44]. Some
condensed linkages are preserved specially resinol struc-
tures (Cx), consistent with >'P NMR observations. The
polysaccharides present in the initial lignin samples were
also removed; hydrolysis under this condition is very likely.
Major changes are observed in the aliphatic region (side
chain), and the intensity of p-methylated, p-ethylated, and
p-propylated phenol structures is increased. It is hard to
distinguish propylated phenolics from other alkyls issued
from alcohol reacting with itself (i.e., Guerbet reaction) un-
der the basic conditions used without excluding the partic-
ipation of metal traces present in starting alkaline lignin (see
Table S1) [45-47], as the peaks will be on the same zone.
Since p-propylated products are observed with GC, it is fair
to assume that p-propylated phenolics are present in that
area. The well-documented role of ethanol as a radical scav-
enger [18] is also preserved here. The radical scavenging
properties of ethanol are well known, and this alcohol is
even added to some solvents as a stabilizing agent. Thus,
having more ethanol in the reaction media will prevent con-
densation reactions; indeed, during depolymerization, high-
ly reactive radials are formed, and in the absence of other
nucleophilic species in the media, they will recombine [48].
While the reaction conditions are rather different, these ob-
servations are supported by those made by Hensen et al.
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Table 7 *'P NMR results for alkaline lignin before and after solvolysis
Alkaline lignin before After solvolysis After solvolysis
solvolysis (OP) (PM)
Total hydroxyl groups (mmoloy g ') 59 2.7 4.6
Distribution of -OH groups (%) —OH in aliphatic moieties 25 18 13
—OH in condensed phenolic moieties 45 38 54
—OH in guaiacyl moieties 18 30 22
—OH in hydroxyphenyl moieties 3 2
—OH in carboxyl moieties 9 12

Reaction conditions: 225 °C, 1 wt% lignin in water/ethanol 50/50, 8 MPa, 10 NL h! N,, no base

recently who showed the radical scavenging property of
ethanol during the treatment of a soda lignin [18].

At this stage, it is difficult to assert if ethanol or
ethanol fragments reacted directly at the para position,
products like ethyl homovanillate, or ethyl 3-(4-hy-
droxy-3-methoxyphenyl)propionate can be cleaved on
the side chain to give alkylated phenolics. Guaiacyl
units are still in majority in the repartition of aromatic
units (99%).

In summary, the organic fraction is composed of ex-lignin
oligomers containing chemical moieties characteristic of the
starting material, i.e., aromatic guaiacyl, hydroxyphenyl, and
ferulate groups, as well as aliphatic groups. The level of ether
bonds drastically decreased during solvolysis. Monomers of
interest for chemical industry were also detected, such as
guaiacol and vanillin, and represent 7% of the organic frac-
tion. Increasing the percentage of ethanol in the solvent mix-
ture led to increase the lignin depolymerization and changed
the composition of the obtained products.
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The PM fraction is compared to the initial lignin feedstock
to see if the residual matter remained the same or was altered.
The comparison between initial lignin and the PM fraction of
the *'P NMR shows that the total amount of hydroxyl groups
was reduced. This can be attributed to the liberation of G, H,
and acid fragments to the solution, reducing thus the hydroxyl
content in PM [49]. On the other hand, the condensed hydrox-
yl groups increased. This might be caused either by
repolymerization reactions or due to the fact that other less
recalcitrant structures are liberated to the solution; hence, con-
densed structures are concentrated on the residual solid. The
HSQC spectrum of the PM showed significant decrease from
4.7 to 0.9 of the number of 3-O-4 linkages per 100 aromatic
units, as expected (see Table S2).

The changes observed on infrared spectra are minor (see
the ESI). Most of the functionalities are preserved, but chang-
es in relative intensity are observed. On the alkaline lignin, the
broad peak 1601-1710 cm ' (attributed to aromatic skeletal
vibrations and C=0 stretching) and the peak 1030~1040 cm
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Fig. 3 HSQC spectra of OP fraction after solvolysis of alkaline lignin. Left: side chain region. Right: aromatic region. Reaction conditions: 225 °C,

1 wt% lignin in water/ethanol 50/50, 8 MPa, 10 NL h! N,, no base
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(attributed to aromatic C—H in-plane deformation, C—O defor-
mation in primary alcohols, and C=0 stretching) were highly
reduced. The characteristic peak for G units at 1140 cm ™' was
reduced in accordance with *'P NMR observation.

The molecular weight of solid fraction was determined by
SEC analysis and was equal to 2180 Da, i.e., a decrease of
38% compared to the starting material.

Finally, the analysis of PM fraction shows that the compo-
sition of solid is similar to the starting material, unless the
amount of free hydroxyls slightly decreased and the molecular
weight drastically decreased, which indicates an efficient de-
polymerization of lignin during solvolysis. The presence of
char or char precursor in the solid fraction is unlikely.

For the next experiments, a 50/50 water/EtOH ratio was
studied since the PM fraction is at the lowest and due to the
relatively satisfactory mass balance obtained.

3.3 Solvolysis of other technical lignins

Kraft lignin, Protobind, and organosolv lignins were not
completely soluble at neutral pH in a 50/50 water/ethanol
mixture; 0.1 wt% K,COs was added to the feed to increase
lignin solubility. Reactions were conducted under the condi-
tions reported in Section 3.2.2.1 (i.e., 225 °C, 8 MPa, liquid
flow 20 mL/h, gas flow 10 L/min). As for alkaline lignin,
reaction mixtures were fractionated into OP, AP, and PM prod-
uct fractions to allow careful analysis of the products obtained.

When 0.1 wt% of K,CO3; was added, kraft lignin was also
entirely soluble, and there were some insoluble particles for
the Protobind and organosolv lignins which were removed by
centrifugation from the solution and disregarded from the
mass balance. For the sake of comparison, base was added
to the entirely soluble alkaline lignin sample. It is noticeable
that the addition of base did not change the total OP product
yield but slightly increased the monomers yield (from 11 to
22 mg/gjignin, total of identified monomers). The mass balance
is very variable under the conditions investigated. Organosolv
lignin gave poor mass balance, probably due to the formation
of either insoluble components trapped inside the reactor,
which are hard to quantify or products evolving in gas phase.
The comparison of the phase distribution between different
lignins is irrelevant as the samples do not have the same phys-
icochemical properties. To gain insight on the relative recalci-
trance of one sample, comparing the amount of AP and PM
fraction to the acid-soluble and Klason lignin (acid insoluble)
of'the initial lignin can be useful. Initial Klason lignin contents
for alkaline lignin, kraft, Protobind 1000, and organosolv lig-
nins are 47, 87, 82, and 85% (Table 2) and were reduced by
24, 54, 36, and 40%, respectively (Fig. 4). Based on this re-
duction, it can be concluded that Protobind and organosolv
lignin were more efficiently liquefied.

The analysis of the organic phases followed the same
trend (Table8). The Protobind lignin gave higher yields of

M Organic phase M Aqueous phase M Precipitated matter
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Fig. 4 Composition of reaction products after solvolysis of technical
lignin. Reaction conditions: 225 °C, 1 wt% lignin in water/ethanol,
8 MPa, 10 NL h™' Ny, 0.1 wt% K,CO;

monomers compared to the other lignins. The organosolv
and Protobind lignin were prepared from annual plants; there-
fore, they contain G, S, and H type of units which explains the
new components (syringyl and p-hydroxyphenyl derivatives).
Lignins containing S units are less liable to condensation than
samples without sinapyl units, as the positions 3 and 5 are
occupied by methoxy groups. This can reduce the chance of
C—C interunit linkage formation [50]. Both alkaline and kraft
lignins gave similar results despite the different contents of
Klason lignin. Despite the higher number of 3-O-4 linkages
in kraft and organosolv lignins, the yields in monomeric aro-
matic compounds in OP was not significantly improved prob-
ably due to either recondensations or products evolving in gas
phase. Nevertheless, it is reasonable to support that the process
applied here for lignin solvolysis really cleaved such (3-O-4
linkages as their number significantly decreased in PM (see
below).

Surprisingly, the alkaline lignin composed of 40% of acid-
soluble products did not give improved yields of monomers.
Actually, it is believed that acid-soluble compounds are main-
ly smaller oligomers, which are easier to cleave than bigger
fragments, to form monomeric compounds (Table 8).

All organic fractions were analyzed by >'P NMR after
phosphitylation. Comparing the OP fraction to the initial lig-
nin for the kraft lignin showed that the amount of aliphatic
hydroxyl groups was highly reduced. This trend is also ob-
served with the other lignin samples but with a lower magni-
tude. The removal of polysaccharide moieties can decrease the
hydroxyl present in the sample, but alkylation of hydroxyl
groups and liberation of small alcohols are more likely to
explain this decrease. As a reminder, the amount of polysac-
charides present in the lignin represents only a small fraction
(less than 2%). The G units in the OP fraction are also in-
creased, but with different extent depending on the sample.
For example, for the organosolv and the kraft lignins, we see
an important increment of G hydroxyl groups in OP fraction.
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Table 8 Composition of the

organic phase mg/gjignin for Monomers Alkaline lignin ~ Kraft ~ Protobind 1000  Organosolv
different lignin samples

Phenol 0.7 0.2 2.0 0.6
Guaiacol 9.8 9.7 52 33
Creosol 0.8 0.2 0.1 0.1
p-Ethylphenol - - 0.4 0.6
5-Methylguaiacol 0.4 - - -
p-Vinylguaiacol - - 04 1.0
Vanillin - 0.9 1.7 1.3
p-Ethylguaiacol 2.9 0.8 0.9 1.6
2,6-Methoxyphenol 0.2 0.2 9.5 39
Eugenol 0.4 0.3 - -
Isoeugenol 04 0.2 04 1.6
Acetovanilone 2.8 2.1 1.0 1.4
p-Propylguaiacol 0.5 0.4 - -
Homovanillyl alcohol 0.9 04 - -
Ethyl (3-hydroxyphenyl) acetate - - 0.3 0.3
Guaiacylacetone 1.0 2.7 0.9 14
Syringaldehyde - - 2.8 1.0
2-Ethoxy-6-(methoxymethyl) phenol - - 0.5 0.3
Methoxyeugenol — — 0.4 0.5
Acetosyringone - - 8,.5 4.0
Ethyl homovanillate 0.8 1.5 1.2 0.9
Ethyl 3-(4-hydroxy-3-methoxyphenyl)propionate 0.3 0.3 - -
Total identified 22.1 200  36.1 23.7

The amount of condensed phenolics in OP fraction decreased
for the kraft lignins (alkaline and kraft). The Protobind and
organosolv lignins contain S units; these units cannot be quan-
tified separately from condensed phenolics since their signals
overlap (Fig. 5). Hence, the increase observed with the red
data set can either be linked to increase in S units or condensed
phenolics.

The HSQC spectra are presented in Fig. 6. The analysis of
the OP fraction by HSQC showed that most of the (3-O-4
linkages (Axg, X = G, H, or S) are cleaved; it is evident that
under our condition, C-O-C are more reactive than con-
densed structures [44]. Some condensed linkages are pre-
served specially resinol structures (Cx), consistent with 3p
NMR observations. For the alkaline kraft and organosolv lig-
nins that have low ratio of ether linkages, no information is
provided by this analysis. As exposed before, polysaccharides
were fully converted during the reaction.

Major changes are observed in the aliphatic region (side
chain), and the intensity of p-methylated, p-ethylated, and p-
propylated phenol structures is increased. Despite difficulty in
distinguishing propylated phenolics from other alkyls issued
from Guerbet condensation, it is fair to assume that p-
propylated phenolics are present in that area, since p-propylated
products are observed in GC. In the absence of other data, it is
difficult to assert if ethanol or ethanol fragments reacted directly
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at the para position, some products being potentially obtained
by direct cleavage from lignin (i.e., ethyl homovanillate, ethyl
3-(4-hydroxy-3-methoxyphenyl)propionate). Like before, the
role of ethanol as a radical scavenger is preserved.

Acetyl fragment characterized by the peak centered at 20.8/
2.28 (6C/0H) present in the initial organosolv lignin evidently
disappeared in the OP fraction. In all the samples, the corre-
lation signal for methoxy groups (56.3/3.7) remained intense,
as demethylation did not occur with our approach. Signals

W Aliphatic Condensed

phenolicand S

(<2 BN

mmol OH/g (sample)
w = w

Kraft Protobind

Alkaline

Organosolv

Fig. 5 Concentration of OH groups in technical lignins (empty bars) and
in OP fractions (plain bars)
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from dibenzodioxocin (5-5 and (3-O-4) and spirodienone (3-
1) were not visible on either, probably because their concen-
tration is very low or because they are nonexistent.

With the limitations exposed previously, the HSQC spectra
delivered information on the evolution G/H/S aromatic units
between the initial feedstock and the OP fraction. In the aromatic
region, the difference in composition in terms of p-
hydroxyphenyl, guaiacyl, and syringyl (H/G/S) can be clearly
distinguished. For the OP fraction, the aromatic region is well
resolved as this fraction contains most of the phenolic fragments.
For kraft and alkaline lignins, the comparison between initial
lignin samples and the OP fraction shows that the H units are
reduced. Indeed, H units are more prone to condensation reac-
tion because the 5 and 3 positions on the aromatic ring are not
blocked by the methoxy group. For the organosolv lignin, the
relative H content remained unchanged, while a minor change
was observed for the G/S ratio. Please note that reduction of the
unsaturation at 7 and 8 positions of the side chain will give rise
to H units which might explain the absence of its relative content
for the Protobind and organosolv lignins. p-Coumarate signals
were only present in Protobind and organosolv lignins whose
intensity was highly reduced in the OP fraction.

To summarize, the yield and composition of the organic
phase are impacted by the type of lignin used as a starting
material. The Protobind lignin gave the highest yield organic
fraction (46%), and all the other lignins yielded around 30%
organic products. In all cases, the part of monomers is minor
in the organic fraction, around 7% of the total of oligomers.
However, the chemical composition of monomers depends on
the starting material; kraft lignins tend to yield guaiacol and
acetovanilone as major monomers, whereas Protobind and
organosolv lignins give more diversified monomers, including
syringaldehyde and acetosyringone. Obviously, the nature of
monomers is impacted by the type of biomass (Protobind and
organosolv lignins come from wheat straw) rather than the
type of treatment. The removal of ether bonds during solvol-
ysis was evidenced by HSQC analysis in all cases.

In general, the comparison of *'P NMR spectra between
phosphitylated samples of initial lignin and PM fractions
shows that the total hydroxyl groups were reduced in all sam-
ples with the exception of the organosolv lignin (Fig. 7).
Indeed, for the PM fraction, the phenolics and aliphatics for
all the lignins, except for organosolv, were reduced. This can
be attributed to the liberation of G, H, S, and acid fragments in
the solution, reducing thus hydroxyl content in PM [49]. On
the other hand, the condensed hydroxyl groups increased in all
the samples. This might be caused either by repolymerization
reactions or due to the fact that other less recalcitrant structures
are liberated to the solution; hence, condensed structures are
concentrated in the residual solid. The unique behavior ob-
served for the organosolv lignin comes from the fractionation
step; actually, the organosolv lignin is obtained from treatment
using a mixture of acetic acid and formic acid; therefore, some
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hydroxyl groups are esterified [51]. During our treatment, sa-
ponification reactions might have occurred thus increasing the
hydroxyl groups in the PM fraction. Like for alkaline, the
HSQC spectra of the PM fraction showed a significant de-
crease of the number of 3-O-4 linkages per 100 aromatic units
in the residual solid from 14.2 to 3.7 for the kraft lignin, 3.5 to
0.6 for the P1000, and 11.5 to 0.5 for the organosolv lignin.
These data are coherent with other analyses of this fraction
and that of the organic fraction (i.e., OP) and indicate clearly
cleavages of such bonds during solvolysis reactions (see
Table S2).

Like before, the changes observed on the FT-IR spectra of
lignin and PM are minor (see Electronic supporting informa-
tion). On the alkaline lignin, the broad peak at 1601—
1710 cm ™' (attributed to aromatic skeletal vibrations and
C=0 stretching) and the peak at 1030-1040 cm ™' (attributed
to aromatic C—H in-plane deformation, C—O deformation in
primary alcohols, and C=O0 stretching) were highly reduced.
The characteristic peaks for G units at 1140 cm ' were re-
duced in accordance with *'P NMR observation. For the kraft
lignin, almost no difference between the initial and the treated
lignin was observed. For the Protobind 1000 lignin, a slight
decrease of the peak at 1326 cm ! is attributed to S units and
condensed G units. For the organosolv lignin, the peaks for
C=0 stretch and aromatic skeletal vibrations (1701—
1650 cm ') were reduced.

The SEC analysis of the PM fraction shows that the resid-
ual solid molecular weight is in general reduced compared to
initial lignin (the chromatograms are available in the ESI). The
molecular weight of the alkaline and the organosolv lignins
was highly reduced by almost half. The polydispersity index
(PDI) also narrowed a decrease of 16 and 27%, respectively.
The kraft and the Protobind lignins are less altered but the low
Mw shoulders were systematically increased. Also, the initial
molecular weight was lower for these samples. In general, the
higher the Mw, the higher the decrease, a trend also observed
previously [52].
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In summary, the precipitated matter samples show chemi-
cal properties close to the initial technical lignins. Therefore,
PM can be considered as unreacted lignin and the formation of
char is unlikely in our reaction conditions. The major notice-
able change is the reduction of molecular mass, attributed to
the depolymerization of lignin. However, it seems that
depolymerization/recondensation reactions lead to a resilient
lignin residue around 20 kDa; technical lignins such as kraft
and Protobind with low initial molecular mass do not lead to a
significant decrease in molecular mass.

4 Conclusion

The feasibility of a continuous process for the solvolysis of
technical lignins was demonstrated. After optimizing the re-
action conditions using alkaline lignin, we found that working
at 225 °C under 8 MPa nitrogen in a 1-wt% basic water/
ethanol 1/1 mixture allowed to operate the reactor without
observing char, nor foam, formation. Under these reaction
conditions, several lignins coming from various lignocellu-
loses (softwood, wheat straw) and various treatments (kraft,
soda, organosolv) were converted into monomers (guaiacol,
vanillin, etc.) and oligomers. The product yields and distribu-
tion depend mainly on the type of biomass: wheat straw gave
more diversified monomer products, including
syringaldehyde, than softwood. The treatment applied to pro-
duce lignin does not seem to influence the final yields of
solvolysis to a large extent.

Depolymerization of lignin was observed as well as
recondensation reactions. A resilient lignin residue seems to
appear around a molecular mass of 20 kDa. In the near future,
catalysts, either heterogeneous or homogeneous, will be used
to improve depolymerization efficiency.
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