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HIGHLIGHTS GRAPHICAL ABSTRACT

e Hydrolysis lignin was treated with
y-valerolactone (GVL)

o The effect of temperature, LSR and sul-
furic acid on lignin extraction was
assessed.

e Assisting the treatment with sulfuric
acid favored lignin solubilization in
GVL.

e Extracted lignin was regenerated by
small additions of water to treatment
liquors.

e Lignins from acid-assisted GVL treat-
ment had broad molecular weight
distribution.

ARTICLE INFO ABSTRACT

Keywords: Hydrolysis lignin, i.e., the hydrolysis residue of cellulosic ethanol plants, was extracted with the green solvent
Hydrolysis lignin y-valerolactone (GVL). Treatments at 170-210 °C were performed with either non-acidified GVL/water mixtures
Vivale;l‘_"’lacwne (NA-GVL) or with mixtures containing sulfuric acid (SA-GVL). SA-GVL treatment at 210 °C resulted in the highest
fil;;zc:ﬁzose lignin solubilization (64% (w/w) of initial content), and 76% of the solubilized mass was regenerated by water-

induced precipitation. Regenerated lignins were characterized through compositional analysis with sulfuric acid,
as well as using pyrolysis—gas chromatography/mass spectrometry (Py-GC/MS), high-performance size-exclusion
chromatography (HPSEC), solid-state cross-polarization/magic angle spinning '>C nuclear magnetic resonance
(CP/MAS 13¢ NMR) spectroscopy, 14_13C heteronuclear single-quantum coherence NMR (HSQC NMR), and
Fourier-transform infrared (FTIR) spectroscopy. The characterization revealed that the main difference between
regenerated lignins was their molecular weight. Molecular weight averages increased with treatment tempera-
ture, and they were higher and had broader distribution for SA-GVL lignins than for NA-GVL lignins.

Enzymatic saccharification

1. Introduction sustainability problems associated with greenhouse gas emissions.
Therefore, other energy platforms, including wind, water, solar fuels,
The use of fossil fuels for satisfying the energy demand causes and biomass, attract a great deal of attention (Ashokkumar et al., 2022;
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Lowe and Drummond, 2022). Lignocellulosic biomass, which is
composed of cellulose, hemicelluloses and lignin, is an abundant
renewable carbon source, and it can be processed in biorefineries for
producing biofuels and other bio-based products (Martin et al., 2022)
and thus contribute to a portion of the demand for renewable energy.
Around 182 billion tons of lignocellulosic biomass are produced annu-
ally worldwide (Ashokkumar et al., 2022). Lignocellulose can be used
through the sugar-platform route, which is based on enzymatic
saccharification of cellulose, microbial fermentation or chemical con-
version of the resulting sugars, and valorization of the residual lignin
(Galbe and Wallberg, 2019; Martin et al., 2022). Enzymatic saccharifi-
cation of cellulose is affected by lignin and hemicelluloses and by other
factors contributing to feedstock recalcitrance. A pretreatment step is
typically implemented to facilitate enzymatic saccharification (Galbe
and Wallberg, 2019; Martin et al., 2022).

Despite the efforts to develop efficient pretreatment methods and
versatile enzyme preparations, effective lignocellulose bioconversion is
challenged by several problems. For instance, cellulose saccharification
typically results in incomplete conversion, and a cellulose portion re-
mains in the solid residue together with lignin. The enzymatic hydrolysis
residue, hereafter referred to as hydrolysis lignin (HL), is composed of
lignin and non-hydrolyzed cellulose with minor fractions of hemi-
celluloses, extractives and ash, depending on pretreatment and
saccharification efficiency and on the used raw material (Xu et al,,
2021).

Lignin is an aromatic polymer primarily composed of three phenyl-
propane units, namely syringyl (S), guaiacyl (G), and p-hydroxyphenyl
(H). They are mainly connected via ether and carbon-carbon bonds
(Ralph et al., 2019). Technical lignins include kraft lignin (from kraft
pulping), lignosulfonates (from sulfite pulping), HL (from biochemical
conversion), and lignins from non-conventional pulping methods.

Ethanol is the most widespread lignocellulose-based biofuel that is
commercially available (Singh et al., 2022). A current challenge is how
to use the large amounts of HL remaining after enzymatic saccharifica-
tion. HL is mainly used as energy carrier at cellulosic ethanol plants, but
since 60% of the generated amounts would be enough to meet the en-
ergy requirements of the plants, a large surplus is available (Ragauskas
et al., 2014). Processing of one ton of softwood to ethanol results in
around 350-400 kg of HL as average (Evstigneyev et al., 2016). Based on
the global production data, and assuming 355 L bioethanol per ton of
dry biomass (Ragauskas et al., 2014), approximately 281 million tons of
biomass are required annually, and that generates around 108 million
tons of HL. Finding high-added value applications for HL would make
cellulosic ethanol production, and lignocellulose biorefining in general,
more profitable. High lignin purity is required for high-added value
applications, but technical lignins, including HL, are qualitatively
different from preparations of pure lignin. Furthermore, the relatively
high cellulose content of HL might be an impediment for some appli-
cations. Therefore, lignin separation from other HL components without
causing further transformations is an important first step for its valori-
zation. That can be implemented by selective extraction of lignin with an
appropriate solvent system.

y-Valerolactone (GVL) is a biomass-derived polar aprotic solvent,
which has recently attracted interest for biomass pretreatment (Jia et al.,
2020), and for lignin fractionation (Wang et al., 2019), but it has not yet
been directly applied to HL. GVL has high thermal and chemical sta-
bility, and it is non-toxic, non-flammable, and non-volatile (Alonso
et al., 2013). Furthermore, it has high boiling point, and is miscible with
water without forming an azeotrope, which facilitates recycling by
simple distillation (Yin et al., 2021). The application of GVL/water
mixtures for biomass fractionation is an approach of high interest
considering that GVL is effective towards lignin solubilization, while
water is necessary for hydrolysis of hemicelluloses (Jia et al., 2020; Le
et al., 2016). Although GLV mixtures with other solvents, e.g., DMSO
and DMF, can also be used, high lignin solubilization has been reported
for GVL/water mixtures (Xue et al., 2016). Another positive issue is that
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in presence of GVL the activation energy of hydrolysis of glycosidic
bonds decreases, while further reactions of formed sugars are not
affected. Hence, minimal sugar degradation is expected when running
biorefinery operations in GVL/water solvent systems (Shuai et al.,
2016).

Considering the solubility of lignin in GVL, using GVL/water solvent
systems is a potential approach for HL valorization. The current work
was aimed at evaluating the use of GVL/water mixtures for selective
extraction of lignin from the HL matrix, using softwood HL produced
under industrial-like conditions as starting material. The effects of
treatment temperature, liquid-to-solid ratio, and HySO4 addition on
lignin solubilization were assessed. The solubilized lignin was precipi-
tated by water addition, and characterized using advanced analytical
techniques, e.g., compositional analysis, pyrolysis-gas chromatog-
raphy/mass spectroscopy, high-performance size-exclusion chromatog-
raphy, cross polarization/magic-angle spinning nuclear magnetic
resonance, Fourier-transform infrared spectroscopy, and heteronuclear
single-quantum coherence nuclear magnetic resonance spectroscopy.

2. Material and methods
2.1. Materials

HL from the Biorefinery Demonstration Plant, Ornskoldsvik, Swe-
den, was provided by SEKAB (https://www.sekab.com/en/). It was the
solid residue from the enzymatic saccharification of pretreated Norway
spruce (Picea abies) sawdust. Pretreatment was performed by SEKAB E-
Technology AB by impregnating sawdust with SO, heating it with steam
and holding it at 200 °C for 15 min. Further pretreatment details were
reported previously (Oliva-Taravilla et al., 2020). Enzymatic sacchari-
fication was conducted with a 20% (w/w) total solids load at 50 °C and
for 72 h using a state-of-the-art preparation of cellulolytic enzymes from
a leading enzyme manufacturer. The hydrolysate was separated using a
filter press, and the solid fraction (HL) was washed with water. The
washed HL was air-dried at room temperature until it reached a dry
matter content above 90% (w/w). Then it was milled using an A11 basic
analytical mill (IKA-Werke GmbH, Staufen, Germany). The moisture
content of the HL was determined using an HG63 moisture analyzer
(Mettler-Toledo, Greifensee, Switzerland). All the used chemicals were
purchased from Sigma-Aldrich (Steinheim, Germany).

2.2. GVL treatment of HL

HL was treated with GVL mixed with either water or dilute sulfuric
acid. In the treatment with non-acidified GVL (NA-GVL), 80:20 GVL/
water mixtures were added to HL at liquid-to-solid ratios (LSR) of 7, 10,
and 20 (v/w). Treatments were conducted in a 1-L Parr reactor (Parr
Instrument, Moline, IL, USA). HL was suspended in 270 mL of the GVL/
water mixture, and the suspension was heated to either 170, 190, or
210 °C, and held for 2 h. In the sulfuric acid-assisted GVL treatment (SA-
GVL), HL was mixed with 270 mL of 80:20 GVL/water solution at LSR
10. Sulfuric acid was added to a concentration of 5 mM, and treatments
were run at either 170, 190, or 210 °C for 1 h. At the end of treatments,
the system was cooled with cold water through an internal coil, and the
slurry was vacuum-filtered. The solid phase was washed with 500 mL of
distilled water, and air-dried at room temperature. The liquid phase, i.e.,
treatment liquor, was stored at 5 °C until further experiments.

2.3. Lignin precipitation

The solubilized lignin was precipitated from the treatment liquor by
adding a two-fold volume of deionized water as antisolvent. After water
addition, the mixture was left overnight at 5 °C for precipitation. The
suspension was centrifuged using an Avanti J-26 XP centrifuge (Beck-
man, Palo Alto, CA, USA) at 8500 rpm for 30 min. After removing the
supernatant, the precipitate was washed twice with portions of 200 mL
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of warm (40 °C) deionized water with stirring (750 rpm) for 2 h. The
precipitated lignin, hereafter referred to as regenerated lignin, was
collected by vacuum filtration, and it was air-dried for further
characterization.

2.4. Compositional analysis of treated HL

Two-step treatment with sulfuric acid (TSSA), performed mainly
according to the NREL/TP-510-42618 protocol (Sluiter et al., 2008),
was applied to HL, treatment residues, and regenerated lignins for
determining the content of lignin and structural carbohydrates. Acid-
insoluble (Klason) lignin was determined gravimetrically as the TSSA
solid residue, while acid-soluble lignin was determined spectrophoto-
metrically. The concentration of monosaccharides was analyzed by
high-performance anion-exchange chromatography (HPAEC), and the
values were used for calculating the content of polysaccharides ac-
cording to previously reported methodology (Ilanidis et al., 2021b).
HPAEC was performed with an ICS-5000 system (Dionex, Sunnyvale,
CA, USA) equipped with a CarboPac PA1 (4 x 250 mm) column and with
a CarboPac PAl (4 x 50 mm) guard column (all from Dionex). Before
analysis, the samples were diluted with ultrapure water and then filtered
through 0.20 pm nylon membranes in syringe-driven filters. Ultrapure
water was used as mobile phase at an elution rate of 1 mL/min. The
column was regenerated prior to injection by a solution containing 60%
of 300 mM sodium hydroxide and 40% of a mixture of 200 mM sodium
hydroxide and 170 mM sodium acetate. After that, ultrapure water was
applied for 3 min to equilibrate the column. Pulsed amperometric
detection with a gold working electrode and Ag/AgCl as reference
electrode was used. To amplify the signals, post column addition of
sodium hydroxide solution (300 mM) with a flow rate of 0.5 mL/min
was applied. The Chromeleon 7.1 software (Dionex) was utilized to
calculate the concentration of monosaccharides. The experiments were
conducted in triplicate and the mean values are reported. The statistical
significance of the differences between the mean values was determined
by using the GLM (Generalized Linear Model) method and the SAS 9.4
software (SAS Institute Inc., Cary, NC, USA).

2.5. Analysis of the treatment liquor

Monosaccharides were determined by HPAEC as described in section
2.4. Furfural and 5-hydroxymethylfurfural (HMF) were determined by
high-performance liquid chromatography (HPLC) using an Agilent In-
finity 1260 system (Agilent, Santa Clara, CA, USA) equipped with a
diode-array detector and a 3 x 50 mm, 1.8 pm Zorbax RRHT SB-C18
column. An aqueous solution of 0.1% (v/v) formic acid and 3% (v/v)
acetonitrile with the rate of 0.5 mL/min was used as mobile phase. The
column temperature was set to 40 °C. The experiments were conducted
in triplicate and the mean values are reported. The analyses were per-
formed in triplicate, and the statistical processing of the mean values
was performed as described in section 2.4.

2.6. Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)
analysis

Py-GC/MS analysis, based on the method described by Gerber et al.
(2012), was applied to achieve additional information on the content of
lignin and carbohydrates in HL, treatment residues and regenerated
lignins. The content of pseudo-lignin was estimated as:

Apignin = [(KL +Ag) — PL] 1)

Where Ayjgnin is pseudo-lignin (%), Ky and Agy, are the mass fractions (%)
of Klason lignin and acid-soluble lignin, respectively, obtained from
TSSA compositional analysis, and Py, is the peak area fraction (%)
assigned to lignin in the Py-GC/MS analysis.
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2.7. High-Performance size exclusion chromatography (HPSEC)

The molecular weight distributions of regenerated lignins were
determined by using high-performance size exclusion chromatography
(HPSEC). The system consisted of a Polymer Laboratories PL-GPC 50
Plus instrument (Agilent, Santa Clara, CA, USA) coupled to a Multi-
Angle Light Scattering (MALS) detector. DMSO was used as solvent.
The HPSEC system was equipped with a guard column and two serial
T6000M columns from Malvern. The temperatures were set at 50 °C, and
the flow rate was 0.5 mL min~'. The detection system consisted of a
refractive index (RI) detector and a multi-angle laser light scattering
(MALS) detector. Two pullulan standards (PSS) were used to calibrate
the detectors. The data were evaluated by using the OMNISEC V11
software from Malvern.

2.8. Nuclear magnetic resonance (NMR) spectroscopy

Two-dimensional 'H-'3C Heteronuclear Single-Quantum Coherence
Nuclear Magnetic Resonance (HSQC NMR) spectroscopy was used for
characterization of regenerated lignins, while Cross Polarization/Magic-
Angle Spinning (CP/MAS) 13C NMR was applied to regenerated lignins,
HL and treatment residues. The HSQC NMR spectra were acquired at
25 °C using a Bruker 600 MHz Avance III HD spectrometer, equipped
with a 5 mm broadband observe cryoprobe with z-gradients and a
SampleJet auto-sampler. Thirty mg of each sample was dissolved in 600
puL DMSO-ds and transferred to 5 mm NMR tubes. The spectra were
recorded using adiabatic 13¢C inversion pulses with sweep-widths of 8.14
and 140 ppm in the 'H and '3C dimensions, respectively, and with a
relaxation delay of 1.5 s. For each of the 256 increments in the indirect
dimension, 20 scans were recorded. Zero filling in the indirect dimen-
sion was applied, resulting in 1024 x 512 spectral matrices. A Gaussian
window function with a line-broadening of —0.1 Hz for 'H, —1 Hz for
13¢, and a Gaussian Broadening of 0.001 in both dimensions was applied
prior to the Fourier transformation. Spectra were processed in Topspin
3.6 (Bruker Biospin, Germany). The CP/MAS '3C NMR spectra were
obtained on a 500 MHz Advance III spectrometer equipped with a 4 mm
MAS probe. Approximately 80 mg of pulverized sample was packed into
a 4 mm ZrO» rotor. A spin-rate of 10 kHz was used, the contact time was
1 ms, and 4 096 scans were collected for each sample. A Gaussian
window function was used in the spectral processing performed in
Topspin 3.2 (Bruker Biospin). Samples were analyzed at ambient
temperature.

2.9. Fourier-transform infrared (FTIR) spectroscopy

FTIR spectroscopy was applied to study structural features of re-
generated lignins, HL, and treatment residues. The samples were first
ground with SpectroGrade potassium bromide (Fisher Scientific, Wal-
tham, MA, USA). A Bruker IFS 66v/S FTIR spectrometer with a standard
Deuterated Triglycine Sulfate detector, and fitted with a diffuse reflec-
tance accessory (Bruker Corporation, Billerica, MA, USA), was used for
recording the spectra. Baseline correction and vector normalization over
the entire spectral region was done with OPUS software (version 7,
Bruker Optik GmbH, Ettlingen, Germany).

3. Results and discussion

3.1. Effects of treatment conditions on lignin solubilization and on
composition of solid residues

The compositional analysis revealed that HL contained 53.5% (w/w)
total lignin, 42.9% (w/w) glucan, and 3.5% (w/w) hemicelluloses
(Table 1). The main hemicellulosic components were (in % (w/w))
mannan (1.7), xylan (1.1), and galactan (0.7) (data not shown).
Although one might expect higher lignin content, the observed value is
consistent with previous reports. For instance, the residue of enzymatic
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Table 1

Yield and composition of treated solids and fraction of solubilized lignin after NA-GVL treatment (non-acidified GVL/water mixture treatment for 120 min) and SA-GVL
treatment (sulfuric acid-assisted GVL/water mixture treatment for 60 min). Means of triplicate analyses. Different superscripted uppercase letters denote significant
differences at an alpha level of 0.05 according to a Fisher’s least significant difference (LSD) test. Like-lettered groups are not significantly different.

Treatment  Temperature (°C)/ Yield of treated solids, Composition of treated solids, % (w/w) Solubilized lignin, % Recovered glucan in treated solid

LSR % (w/w) Glucan Total lignin Hemicelluloses (w/w) residues 9% (w/w)

Non-treated hydrolysis lignin 42.9°(1.9) 535%(1.2) 3.5 (1.0) - -

NA-GVL 170/7 83 45.3°P 44,7°PE ND" 31.3 87.6
(1.8) (<0.1)

NA-GVL 170/10 84 46.35CP 45.3€(0.3) ND 29.5 90.7
.7

NA-GVL 170/20 83 46.55¢P 45.2°°(1.2) ND 30.5 90.0
(1.4)

NA-GVL 190/7 83 45.75¢P 44.1% (2.2) ND 32.2 88.4
(1.6)

NA-GVL 190/10 79 47.45¢0 44.2°%(0.4) ND 35.3 87.3
1.6)

NA-GVL 190/20 74 50.348 43.9% (0.3) ND 39.8 86.8
(2.5)

NA-GVL 210/7 74 46.85¢P 41.6" (0.5) ND 43.0 80.7
(5.6)

NA-GVL 210/10 73 48.95¢ 40.0° (0.5) ND 45.9 83.2
(0.9)

NA-GVL 210/20 70 50.4AB 39.6% (0.8) ND 52.6 82.2
(5.9)

SA-GVL 170/10 81 49.18¢ 46.3% (1.0) ND 30.6 92.7
@1

SA-GVL 190/10 70 54.6" (2.9)  41.17 (0.1) ND 46.7 89.1

SA-GVL 210/10 35 49.65¢ 39.3¢ (1.0) ND 63.9 40.5
2.2)

# LSR, liquid-to-solid ratio. Numbers in parentheses show standard deviations.

b ND: Not detected.

hydrolysis of spruce pretreated by SOs-assisted steam-explosion at
215 °C for 5 min had 52.8% lignin content (Varnai et al., 2010).
Depending on substrate composition and pretreatment and hydrolysis
conditions, lignin content of HL varies within a wide range. The residue
of enzymatic hydrolysis of corn straw pretreated by steam explosion at
1.5 MPa for 5 min contained 60 % (w/w) lignin (Liu et al., 2018), while
HL of eucalyptus chips pretreated with hot water for 20 min at 170 °C
followed by enzymatic hydrolysis contained 62% lignin, and it increased
to 90% by increasing pretreatment temperature and applying wet disk
milling (Weiqi et al., 2013).

For the NA-GVL experiments, lignin solubilization around 30% (w/
w) of the initial content was achieved after treatments at 170 °C, 32 —
40% at 190 °C, and 43 — 53% at 210 °C (Table 1). No effect of the LSR on
lignin solubilization was observed during treatment at 170 °C, whereas
at 190 and 210 °C, solubilization increased with LSR increase. The yield
of residual solids after treatment was generally high, especially in the
experiments at 170 °C. Lignin content in treated solids decreased from
53.5% in HL to 44 — 45% in the residual solids of treatments at 170 and
190 °C, and to around 40% or below in those of treatments at 210 °C.
Glucan content increased from 42.9% in HL to 45 — 50% in the treatment
solids. Glucan recovery in the treated solids was 87 — 91% for treatments
at 170 and 190 °C, and 80 - 83% for treatments at 210 °C, while
hemicelluloses were completely solubilized in all experimental condi-
tions. In NA-GVL treatments, the lowest yield of residual solids (70% (w/
w)) and the lowest lignin content (39.3%) were observed for the mate-
rial treated at 210 °C and LSR 20. It was evident that increasing tem-
perature from 190 °C to 210 °C was much more effective for lignin
solubilization than increasing it from 170 °C to 190 °C.

The SA-GVL treatments were performed for a shorter period of time
than the NA-GVL treatments, with the intention to avoid major lignin
degradation by long exposure to an acidic environment. In SA-GVL
treatments, only one LSR was evaluated, as no effect of LSR on solubi-
lization was observed in pilot trials. For SA-GVL treatment at 170 °C,
lignin solubilization was 30.6% (w/w) (Table 1), which is comparable
with the NA-GVL treatment at similar temperature. As the temperature
increased, a proportional increase of lignin solubilization, more

remarkable than that for NA-GVL treatment, was observed. At 210 °C,
solubilization of around two thirds of the initial lignin was reached in
the SA-GVL treatment. In accordance with the lignin solubilization
pattern, the yield of treated solids decreased to 35% (w/w) at 210 °C,
and lignin content in the treated solids decreased to 39.3% (w/w). It is
noteworthy that despite the major lignin removal by the treatment at
210 °C, the increase of the glucan mass fraction in the treated solids,
compared with that of HL, was rather modest, and that glucan recovery
was only 40.5% of the initial content (Table 1). The occurrence of cel-
lulose hydrolysis might have been behind that phenomenon, which was
less remarkable at lower temperatures, where glucan recovery was
around 90%.

3.2. Content of sugars and furan aldehydes in the treatment liquors

In the liquors from NA-GVL treatments, glucose concentrations were
always below 0.6 g/L, and they increased only slightly with the increase
of the temperature (Table 2). The low glucose formation reveals that
cellulose contained in HL was hydrolyzed to very limited extent during
the treatment, even for the experiments performed at 210 °C. Mannose
concentrations were below 0.3 g/L, and the detected concentrations of
xylose and galactose were even lower (data not shown). The concen-
trations of all hemicellulosic sugars decreased clearly with the increase
of treatment temperature. That suggests that hemicelluloses, whose
content in HL. was low (Table 1), were hydrolyzed already at 170 °C, and
the released sugars underwent degradation. Remarkable sugar degra-
dation occurred at high treatment temperature, as can be inferred from
the high formation of 5-hydroxymethylfurfural (HMF) and furfural at
190 and 210 °C. The furan aldehydes HMF and furfural are formed by
dehydration of, respectively, hexoses and pentoses during thermal
treatments under acidic conditions (Jonsson and Martin, 2016). The
relatively high sensitivity of hemicelluloses to treatments at high tem-
perature and low pH (between 3.2 and 3.7, Table 2) explains the for-
mation of furan aldehydes. The concentration of HMF in the treatment
liquors was higher than that of furfural. That can be explained by the
softwood origin of the investigated HL. Softwood hemicelluloses are
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Table 2
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Concentration (g/L) of sugars and furan aldehydes in the liquors from the treatments. The codification is the same as in Table 1. Means of triplicate analyses. Different
superscripted uppercase letters denote significant differences at an alpha level of 0.05 according to a Fisher’s least significant difference (LSD) test. Like-lettered groups

are not significantly different.

Treatment Temperature (°C)/LSR Glucose Mannose HMF Furfural pH
NA-GVL 170/7 0.38EF (0.01) 0.28€ (0.02) 0.71% (0.01) 0.26% (0.01) 3.4
NA-GVL 170/10 0.29¢ (0.01) 0.26" (<0.01) 0.4279 (0.01) 0.16° (<0.01) 3.5
NA-GVL 170/20 0.15' (<0.01) 0.17%¢ (<0.01) 0.18% (<0.01) 0.07" (<0.01) 3.7
NA-GVL 190/7 0.58¢ (0.01) 0.18% (<0.01) 1.24€ (0.07) 0.337 (0.01) 3.4
NA-GVL 190/10 0.44PE (<0.01) 0.16° (<0.01) 0.77% (0.06) 0.22F (0.02) 3.5
NA-GVL 190/20 0.28%7 (0.02) 0.18" (<0.01) 0.35¢ (0.01) 0.117 (<0.01) 3.6
NA-GVL 210/7 0.48° (0.01) 0.05' (<0.01) 1.928 (0.06) 0.43% (0.06) 3.2
NA-GVL 210/10 0.42"E (0.02) 0.06' (<0.01) 1.28° (0.05) 0.31° (0.05) 3.2
NA-GVL 210/20 0.19" (<0.01) 0.04 7 (<0.01) 0.52F (0.01) 0.13% (0.01) 3.2
SA-GVL 170/10 0.63€ (0.10) 0.38" (0.01) 0.46" (0.02) 0.207 (0.01) 2.6
SA-GVL 190/10 2.14% (0.07) 0.33% (0.01) 1.06P (0.06) 0.40° (0.02) 2.4
SA-GVL 210/10 6.45" (0.14) 0.14% (<0.01) 3.70% (0.19) 0.94% (0.05) 2.4

predominantly hexosans (Fengel and Wegener, 1989), and, therefore, 100

HMF is the primary dehydration product to be expected. The hydrolysis

of hemicelluloses, as elucidated from the composition of the treatment &0

liquors (Table 2), at all treatment temperatures correlates well with their

absence in all treated solids (Table 1). By increasing the LSR, the con- 60

k

centrations of sugars and furan aldehydes decreased, which is a dilution
effect caused by adding higher volumes of liquid to the initial mass of HL
in the reaction mixture.

The glucose concentrations were higher in the liquors from SA-GVL
treatments (Table 2) than in those from the treatments with NA-GVL,
which might be explained by the occurrence of acid-catalyzed hydro-
lysis of cellulose. The glucose concentration increased with increasing
temperature, and reached 6.45 g/L in the liquor from the treatment at
210 °C. This result matches well with the previously discussed low
glucan recovery in treated solids (Table 1). The trend observed for the
hemicellulosic sugars was similar to that discussed for NA-GVL treat-
ments. The formation of furan aldehydes in SA-GVL treatments, espe-
cially at the highest temperature, was higher than in NA-GVL
experiments. At 210 °C, the HMF concentration reached 3.70 g/L in SA-
GVL treatments, while it was 1.28 g/L in NA-GVL treatments. The
furfural concentration was 0.94 g/L for SA-GVL and 0.31 g/L for NA-
GVL. The higher formation of furan aldehydes in SA-GVL is the result
of increased acid-catalyzed sugar dehydration. The HMF concentration
in the liquor from SA-GVL treatment at 210 °C was higher than what
could be expected from the mannan and galactan, as well as hemi-
cellulosic glucan, contained in HL. The high HMF formation can be
explained by the degradation of glucose resulting from cellulose
hydrolysis.

3.3. Lignin regeneration

Solubilized lignin was regenerated from the treatment liquors by
precipitation, which was induced by adding water as antisolvent.
Precipitated lignin was then separated from the diluted liquor by
centrifugation. Up to 56% (w/w) of the lignin contained in HL was
recovered by sulfuric-acid-assisted GVL treatment at 210 °C (Fig. 1).
That is equivalent to 74% of the lignin that was solubilized by that
treatment. Lower recovery was achieved for treatment with NA-GVL,
where the highest yield out of the initial content was around 28%,
which corresponds to 67% of the solubilized mass. The solubilized lignin
was easier to regenerate not only when sulfuric acid was present in the
initial reaction mixture, but it was rather typical for liquors from
treatment conditions resulting in higher lignin solubilization. For
instance, for NA-GVL treatments, the yield of regenerated lignin out of
the solubilized mass was 48 — 67% (w/w) for the experiments at 210 °C
(Fig. 1), which had resulted in 43 — 53% solubilization (Table 1), but it
was below 40% for experiments at 170 °C, which had resulted in ~ 30%
solubilization. It is also noteworthy that for NA-GVL treatments at 190
and 210 °C, the yield of regenerated lignin out of the solubilized mass

Precipitated lignin, % (w/w)
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Fig. 1. Yield of regenerated lignin out of precipitated mass (blue columns) and
out of initial lignin content (orange columns), % (w/w). NA, non-acidified; SA
sulfuric acid-assisted treatment; 170, 190, and 210 indicate treatment tem-
peratures in °C.

decreased with the increase of LSR from 7 to 20.

The observed incomplete regeneration of GVL-solubilized lignin has
been reported previously for other materials, such as corn stalk (Wang
et al., 2019) and eucalyptus chips (Le et al., 2016). Lignin precipitation
can be enhanced by modulating GVL concentration in the treatment li-
quor in sequences of water addition, separation of precipitated lignin
and further reduction of GVL concentration in successive steps (Wang
et al., 2019). Other approaches are inducing biphasic state formation by
adding sodium chloride followed by a five-fold addition of deionized
water to the lignin-rich GVL phase (Zhou et al., 2018) or combining
sodium chloride addition with ultrasonic treatment (Li et al., 2017). In
our experiments, a moderate increase of the volume of added water did
not help, and we avoided adding larger volumes because of economic
reasons. Applying ultrasonic treatment was attempted, but it resulted in
only some minor positive effect on recovery of precipitated lignin.

3.4. Characterization of regenerated lignins

3.4.1. Compositional analysis by two-step treatment with sulfuric acid
The compositional analysis showed that lignin content was above
93% (w/w) for all the regenerated samples (Table 3). That indicates that
independently of how efficient the solubilization and regeneration
processes were, all the regenerated lignins have high purity. The ach-
ieved purity is comparable or even higher than that of previous studies
on lignin extraction from HL from other biomass sources. Lignin
extracted from corn straw HL by alkaline treatment followed by acid
precipitation, and sequential redissolution in glycerol-ethanol mixtures
reached 84 — 90% (Liu et al., 2018). In another study, 96% purity was
achieved after lignin extraction from corn stalk HL by alkaline
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Table 3
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Results of pyrolysis-GC/MS analysis of regenerated lignins (RL), treatment residues (SR) and non-treated hydrolysis lignin. Lignin content as determined by TSSA
analysis is also included. The codification is the same as in Table 1. Means of at least triplicate analyses. Different superscripted uppercase letters denote significant
differences at an alpha level of 0.05 according to a Fisher’s least significant difference (LSD) test. Like-lettered groups are not significantly different.

Treatment Temperature (°C)/LSR Sample Carbohydrates, % (PAF) Lignin °, %(PAF) Lignin b 96w/ w) Afignin
Non-treated hydrolysis lignin 71.4% (4.2) 21.4% (1.6) 53.50 (1.2) 32.1
NA-GVL 170/7 SR 80.3%¢ (2.3) 17.2F (1.5) 44.7F (<0.1) 27.5
NA-GVL 170/7 RL 8.3 (1.2) 89.3"5€ (0.6) 95.0% (1.4) 5.7
NA-GVL 190/7 SR 76.9 (4.0) 16.4" (0.5) 44.1%(2.2) 27.7
NA-GVL 190/7 RL 8.4 (1.4) 87.1°(3.1) 95.08 (1.6) 7.9
NA-GVL 210/7 SR 80.1%¢ (2.0) 16.17 (1.9) 41.6° (0.5) 25.5
NA-GVL 210/7 RL 5.7¢% (0.5) 90.6"8 (2.5) 96.8% (0.7) 6.2
NA-GVL 210/10 SR 79.55¢ (2.9) 15.77 (2.9) 40.0" (0.5) 24.3
NA-GVL 210/10 RL 6.7°" (0.5) 89.05€ (1.9) 95.5%% (0.4) 6.5
NA-GVL 210/20 SR 75.0° (6.0) 17.6" (4.2) 36.6" (0.8) 19.0
NA-GVL 210/20 RL 7.3%1 (0.9) 90.148€ (1.8) 96.8% (1.3) 6.7
SA-GVL 170/10 SR 79.65¢ (2.9) 17.5" (2.1) 46.3F (1.0) 28.8
SA-GVL 170/10 RL 13.57 (1.1) 81.3° (2.1) 93.1° (1.1) 11.8
SA-GVL 190/10 SR 84.8% (1.7) 12.2° (0.8) 41.1°% (0.1) 28.9
SA-GVL 190/10 RL 5.9 (0.2) 87.2°(3.2) 93.0¢ (2.1) 5.8
SA-GVL 210/10 SR 82.6"% (8.7) 9.59 (0.1) 39.3'(1.0) 29.8
SA-GVL 210/10 RL 4.1 (0.3) 92.4" (2.4) 94.55C (1.4) 2.5

2 Lignin content determined by Py-GC/MS analysis (PAF, peak area fraction); ® Lignin content as determined by TSSA analysis (mass fraction); © Difference between

TSSA lignin and Py-GC/MS lignin.

treatment, followed by acid precipitation, solubilization in a 60:40 GVL/
water solution, and successive fractionation by decreasing GVL con-
centration down to 5% (Wang et al., 2019). Since reaching such a
dilution of 80% GVL liquors would require around 15 volumes of water,
which appears economically unfavorable, applying that approach was
discarded in our study.

3.4.2. Compositional analysis by Py-GC/MS

In order to verify the composition of the regenerated lignins, Py-GC/
MS analysis was performed, and the results were compared with those of
the TSSA compositional analysis. For regenerated lignins from treatment
with NA-GVL, samples from different LSR at a given temperature and
from different temperatures at a given LSR were analyzed (Table 3). For
the SA-GVL treatment, samples from all experimental conditions were
analyzed. Solid resides from the corresponding treatments, as well as
non-treated HL, were also included in the analysis. The lignin content
resulting from Py-GC/MS analysis ranged between 87.1 and 90.6% for
regenerated lignins from NA-GVL treatment (Table 3), and between 81.3
and 92.4% for those from SA-GVL treatment. Between 4.1 and 13.5% of
the pyrogram signals were attributed to carbohydrates. For solid resi-
dues after treatment, the lignin content ranged from 9.5 % to 17.2%, and
the carbohydrate content was above 75%, while for non-treated HL, the
lignin-derived signals represented 21.4% and the carbohydrate contri-
bution was 71.4%.

Py-GC/MS lignin values are lower than those of TSSA analysis, while
for carbohydrates is the other way around (Table 3). The difference can
be attributed to pseudo-lignin, a product of degradation of biomass
polysaccharides, mainly hemicelluloses, during thermal processing
(Normark et al., 2016). Pseudo-lignin can have been formed during
spruce pretreatment prior to HL generation or even during GVL treat-
ment of HL. Pseudo-lignin, which is not soluble in acid, is not detected
by TSSA analysis, where the reported Klason lignin includes both real
lignin and pseudo-lignin without distinguishing between them. On the
other hand, since pseudo-lignin is not composed of phenylpropane units,
but consists of carbohydrate-degradation products, Py-GC/MS detects it
as carbohydrate-related signals rather than as lignin signals (Wang et al.,
2018). Hence, differently to TSSA analysis, Py-GC/MS characterizes
pseudo-lignin as carbohydrates. Using the Apjgnin factor recently intro-
duced by Ilanidis et al. (2021a), Py-GC/MS lignin values are subtracted
from the total lignin of the TSSA analysis, which is a practical way to
estimate pseudo-lignin content. The Ay;gnin values show that the pseudo-
lignin content in HL was 32.1% (Table 3). That high content of pseudo-
lignin was predictable considering that previous studies have reported

pseudo-lignin formation after steam pretreatment of Norway spruce
under conditions covering the range of those used for generating the HL
used in this work (Wang et al., 2018). Pseudo-lignin formation after
pretreating other feedstocks under comparable conditions has also been
reported (Shinde et al., 2018).

For NA-GVL treatments, Apjgnin values ranged between 5.7 and 7.9 in
the regenerated lignins, and for the SA-GVL treatments, they ranged
between 2.5 and 11.8 (Table 3). That means that pseudo-lignin con-
tained in HL was partially solubilized by GVL treatment and some of it
was precipitated after water addition and was recovered in the regen-
erated lignin. Anyway, in consistence with the TSSA analysis, the Py-
GC/MS results confirm that precipitated lignins after GVL treatment
have high lignin content and low content of carbohydrate-derived
products.

The regenerated lignin sample with the highest lignin content
(92.4%) and with the lowest content of carbohydrates (4.1%) and
pseudo-lignin (2.5%) was the one resulting from the SA-GVL treatment
at 210 °C (Table 3). Correspondingly, the solid residue of that treatment
had the lowest lignin content (9.5%) and the highest content of pseudo-
lignin (29.8%). For SA-GVL treatment, increasing the temperature from
170 °C to 210 °C resulted in an increase of the lignin content of regen-
erated lignin (from 81.3% to the 92.4%), while the Apjgnin values indi-
cated a clear decrease of pseudo-lignin content from 11.8 to 2.5% as the
temperature increased. On the other hand, for NA-GVL treatment, Ajgnin
was not clearly affected by the temperature, but some increase with the
LSR increase at 210 °C was evident.

In the treatment solid residues, Ayjgnin values were lower than in HL,
and they were not majorly affected by the temperature in any of the
treatment approaches (Table 3). However, it is noteworthy that Apignin
values in the residues of NA-GVL treatment decreased from 25.5 to 19.0
with the LSR increase at 210 °C.

3.4.3. Molecular weight characterization

To investigate the effects of treatment conditions on the weight-
average molecular weight (M), number-average molecular weight
(M,), and polydispersity of extracted lignin, HPSEC analysis was con-
ducted. For lignins obtained by NA-GVL treatment, the M, values
ranged from 10 100 to 32 100, while M, was between 6 100 and 15 000
(Fig. 2). M, correlated well with reported values for spruce milled wood
lignin, which can vary between 11 200 and 29 600 depending on the
isolation and purification conditions (Balakshin et al., 2020). No
considerable changes were observed in My, and Mj, values by increasing
LSR from 7 to 20 at 210 °C. By contrast, increasing the temperature at
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Fig. 2. Weight-average molecular weight (My) (orange bars), number-average
molecular weight (M,,) (blue bars), and polydispersity index (PDI) (red lines) of
regenerated lignins extracted by GVL treatment. The codification on the hori-
zontal axis is the same as in Fig. 1.

LSR 7 led to increase of M,, and M,. The PDI values, calculated as the
M,,/M,, ratio, were between 1.6 and 2.3, and they were affected by the
temperature but not by the LSR.

For the lignins from SA-GVL treatment, a clear increase of the M,,
and M, values with the temperature increase was observed. The lignin
resulting from SA-GVL treatment at 210 °C resulted in M,, and PDI
values of 117 800 and 6.1, respectively. Those values are consistent with
previous studies reporting that GVL treatment under severe conditions
results in heterogeneous lignins displaying high PDI values (Ahmed
et al., 2020). Lignin recondensation under harsh treatment condition
could potentially be the reason of the increment of the My, and conse-
quently the PDI (Li et al., 2017).

The rather narrow molecular weight distribution, as revealed by the
relatively low PDI values, of NA-GVL lignins points towards a homo-
geneous polymer with favorable features for subsequent downstream
processing to value-added applications (Ma et al., 2021). On the other
hand, although treatment at higher temperature or after adding acid
caused improvement in the yield of regenerated lignin, the high PDI of
the resulting product might be a limitation for certain uses. So, the
narrow molecular weight distribution of samples extracted by NA-GVL
treatment and the broad distribution of those resulting from SA-GVL
treatment might anticipate different mechanical properties, and conse-
quently different potential applications, of the lignins depending on the
treatment approach (Barana et al., 2016).

3.4.4. CP/MAS 13C NMR analysis

Structural features of HL, selected regenerated lignins and their
corresponding treatment residues were investigated using CP/MAS 3¢
NMR spectroscopy (see supplementary material). The samples selected
for the analysis were those from treatments at 210 °C. Regenerated
lignins resulted in a strong signal cluster with chemical shift between §¢
155 and 102 ppm, corresponding to aromatic carbon (Love et al., 1998).
That includes peaks at 8¢ 155-140 ppm, 8¢ 140-124 ppm, and §¢
124-102 ppm, assigned, respectively, to aromatic C-O, C-C and C-H
linkages. The signals in this aromatic region are a typical indication of
syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) aromatic units of
lignin (An et al., 2015). The spectra of regenerated lignin samples dis-
played also a very strong and well-defined peak at 5¢ 57 ppm, typically
assigned to methoxy groups of S or G units of lignin (Casas et al., 2012).
As the feedstock used for producing the HL used in this study was spruce,
a softwood species, the signals both in the aromatic region and for the
methoxy peak can be attributed to G units.

The intensity of all the above-mentioned lignin-related signals was
comparable in the spectra of regenerated lignins from both treatment
approaches. Some apparent minor differences were related to a variable
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intensity of the aromatic signals at 8¢ 125 ppm (stronger for SA-GVL)
and 115 ppm (stronger for NA-GVL).

In the spectra of treatment residues and HL, the relative intensity of
the lignin-related peaks (those of the cluster between 8¢ 155 and 102
ppm and that at 8¢ 56 ppm) was lower than in those of regenerated
lignins. Those signals were weaker for the treatment residues than for
HL, which is a consequence of lignin removal during treatment. The
spectra of the solid residues of the NA- GVL treatment displayed slightly
more intense lignin-related signals than those of the residue of the SA-
GVL treatment, which is in accordance with the previously discussed
lignin solubilization trend (Tables 1 and 2). On the other hand, the peaks
in the signal cluster with chemical shift between ¢ 105 and 62 ppm,
typically assigned to anhydroglucose carbon atoms in cellulose macro-
molecules, displayed high intensity in the spectra of treatment residues
and HL, whereas they were not detectable in the spectra of regenerated
lignins. That includes the C1 peak at 8¢ 105 ppm, the C4 peak of crys-
talline cellulose at §¢ 89, the C4 peak of amorphous cellulose 5¢ 84, the
C2, C3, and C5 peaks at §¢c 73-76 ppm, and the C6 peaks at §¢ 65 ppm for
crystalline cellulose and at 8¢ 62 ppm for amorphous cellulose (Van-
derHart and Atalla, 1984, Normark et al., 2016).

The clear difference between the '*C NMR spectra of regenerated
lignin, on one side, and those of solid residues and HL, on the other side,
confirms the results of TSSA and Py-GC/MS analyses indicating absence
of carbohydrates in the regenerated lignin structure. Comparing the
spectra of treatment residues with that of HL confirms the cellulose
enrichment happening in the solid material as result of lignin solubili-
zation. Peaks related to cellulose crystallinity, namely at 5¢ 89 and 65
ppm, were stronger for treatment residues than for HL, which indicates
that cellulose remaining in the solids has higher crystallinity than the
initial one. Although that might be affected by removal of hemi-
celluloses from HL during treatment, a plausible explanation is the
preferential removal of amorphous cellulose regions due to their higher
susceptibility to acid hydrolysis compared to crystalline cellulose re-
gions. It should also be noted that the peaks associated with cellulose
crystallinity were stronger for the solid residue of the NA-GVL treatment
than for that of SA-GVL treatment, while for the peak at ¢ 84 ppm,
associated with amorphous cellulose, the opposite trend was observed.
That points towards higher crystallinity of cellulose contained in the NA-
GVL treatment residue compared to that of SA-GVL treatment. This is an
issue to be considered for choosing suitable uses of the treatment res-
idue, for instance as either starting point for microcrystalline cellulose or
as substrate for new enzymatic saccharification trials.

3.4.5. 'H13C heteronuclear single quantum coherence (HSQC) NMR
analysis

Two-dimensional (2D) 'H-13C HSQC NMR was used to investigate
the inter-unit linkages and subunits in regenerated lignins from NA-GVL
(Fig. 3A) and SA-GVL (Fig. 3B) treatments at 210 °C. Broad peaks can be
observed in the aromatic region (8¢/6y 100-140/6-8 ppm) of the
spectra. That includes 13¢_1H cross signals corresponding to the Cy-Hy
(G3), Cs-Hs (Gs) and Cg-Hg (Gg) coupling of guaiacyl units at 8¢/6y
110.8/6.97, 115.0/6.94 and 118.9/6.81 ppm, respectively (Zeng et al.,
2013), which are clearly detectable for both samples. For both lignins,
the cross signal at 8¢/8y 5.42/87.4 ppm, attributed to the Cy-Hy of
phenylcoumaran structures, was stronger than that at 8¢/8y 4.75/71.9
ppm, assigned to the Cy-H, of p-O-4 units. That indicates that in both
regenerated lignins, the C-C linkages, for example p-5 of phenyl-
coumaran, are more important than p-O-4 ether linkages, which were
split to a large degree during processing. The $-O-4:$-5 peak ratio was
around 0.5 for NA-GVL regenerated lignin, whereas for native softwood
lignin, that ratio is much higher and can reach 4 (Chakar and Ragauskas,
2004). This result agrees with existing knowledge on changes under-
going in lignin native structures during extraction. Some of those
changes result in new C-C linkages that were not present in native lignin
(Talebi Amiri et al., 2019).

For regenerated lignin from SA-GVL treatment, although the peaks
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Fig. 3. Two-dimensional 'H-'>C HSQC NMR spectra of regenerated lignins from NA-GVL (A) and SA-GVL (B) treatments. Treatment temperature: 210 °C.

were weaker than those of NA-GVL sample, the cross signal of the
phenylcoumaran C,-H, was also stronger than that of the p-O-4 unit,
which was hardly detectable (Fig. 3B). The high molecular mass of SA-
GVL regenerated lignin might have been a possible reason of the lower
intensity of the 2D spectral signals (Du et al., 2013).

3.4.6. FTIR analysis

The FTIR spectra displayed clear differences between regenerated
lignins and HL (see supplementary material). The broad band around
3500 — 3200 cm ™, assigned to stretching vibrations of hydroxyl groups
(Jayamani et al., 2020), was remarkably stronger for HL than for re-
generated lignins. Although that vibration signal is typical for hydroxyl
groups of both polysaccharides and lignin, the stronger intensity for HL
can be attributed to cellulose and hemicelluloses contained in the
starting material (Table 1). That assumption is confirmed also by the
position and shape of the signal, which for HL was more intense towards
3200 cm™ L, as typical for cellulose (Kondo, 1997), while for regenerated
lignins it was stronger towards 3500 cm ™, as typical for lignin (Rashid
et al., 2016). A broad band ranging from around 2900 — 2750 cm™?,
attributed to the C-H stretching in methyl and methylene groups of

cellulose (Faix, 1992), is observed in the HL spectrum. For regenerated
lignins, instead, an intense peak was observed at 2929 em ™}, as typical
for lignin C-H stretching, and a weaker but clear signal was detectable at
2800 Cm_l, which has previously been observed in lignin (Rashid et al.,
2016). The intensity of lignin-related signals around 1595 cm ™! (C = C
stretching) (Jayamani et al., 2020), 1510 cm ! (aromatic ring stretch),
1460 cm~! (C—H deformation in —CHj3 and —-CH»), 1423 cm ! (aromatic
skeletal vibrations), 1268 em ! (G ring plus C = O stretch), 1228 cm !
(C-C plus C-O plus C = O stretch), and 1141 em™! (aromatic C-H in-
plane deformation) (Faix, 1992) is considerably stronger in the spectra
of regenerated lignins than in that of HL. On the other hand, the
cellulose-related peaks at 1035, 1058 and 1110 cmY, assigned to C-C,
C-H and C-OH stretching and deformation vibrations, display higher
intensity in the spectrum of HL.

The FTIR spectra of regenerated lignins from both treatment ap-
proaches displayed similar characteristics. One of the few minor
detectable differences was the signal at 1760 cm 2, visible as a clear
peak for the SA-GVL sample but rather as a shoulder for the NA-GVL one.
Signals in the 1700 — 1780 cm ™! region are typically assigned to G = O
stretching vibration of different carbonylic compounds, with those of
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esters being around 1740 — 1760 cm™!, and can be attributed to acetyl
groups of hemicelluloses (Wang et al., 2018). Since no hemicelluloses
were found in the sample, the peak might be related to pseudo-lignin.

4. Conclusion

Treatment with y-valerolactone was proven to be a suitable method
for recovering purified lignin from hydrolysis lignin of steam-pretreated
spruce. Assisting the treatment with a low addition of sulfuric acid
enhanced the extraction efficiency. The characterization of regenerated
lignins from different treatment conditions revealed no major differ-
ences apart from the molecular weight distribution, which was broader
for samples from sulfuric acid-assisted GVL treatment compared with
those from the treatment with non-acidified GVL/water. The difference
in molecular weight distribution might result in different mechanical
properties of lignin-based materials, and consequently different poten-
tial applications for regenerated lignins depending on the treatment
approach.
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