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In the forest biorefinery, hydrolysis lignin (HL) is often dissolved with high concentration NaOH solution, fol-
lowed by acid precipitation to obtain purified HL. For the first time, this study evaluates the effect of ultrasound
(US) on the dissolution of industrially produced HL in aqueous NaOH solutions and the acid precipitation yield of
HL. The solubility of HL in mild aqueous NaOH solutions was studied with and without US treatment at 20 kHz
concerning the solid-to-liquid ratio, molecular weight of dissolved fractions and structural changes in dissolved
HL. Results showed that the solubility of HL at 25 °C was strongly dependent on NaOH concentration. However,
the US treatment significantly improved the solubility of HL, reaching a solubility plateau at 0.1 NaOH/HL ratio.
US treatment enhanced the solubilization of HL molecules with higher MW compared to conventional mixing.
The increase of HL solubility was up to 30 % and the recovery yield of purified lignin with acid precipitation was
37 % higher in dilute NaOH solution. A significant result was that the M,, of dissolved HL in homogeneous alkali
solutions decreased with US treatment. SEC, HSQC and 31p NMR analyses of dissolved HL characteristics showed
that both, the mechanoacoustic and sonochemical solubilization pathways contribute to the dissolution process.
However, US does not cause major changes in the HL structure compared to the native lignin. Indeed, US
technology has the potential to advance the dissolution and purification of HL in biorefineries by reducing the
amount of chemicals required; thus, more controlled and environmentally friendly conditions can be used in HL
valorization.

1. Introduction

The modern chemical industry, stimulated by political and envi-
ronmental concerns, is intensively looking for alternatives to petroleum
resources. One such contender in this field is lignocellulosic forestry
biomass, which is mainly comprised of three major polymers: cellulose
(40-50 %), hemicellulose (20-30 %) and lignin (10-30 %) [1-5]. There
are some approaches, where the main products are either cellulose or
C5-C6 sugars and lignin is treated as a recalcitrant contaminant or cheap
energy resource. In contrast, the major upside for the biorefinery
concept is the intent to create value-added chemicals from all three
polymers, not only from the saccharide-based ones. This creates abun-
dant possibilities for producing biofuels, chemicals, bio-based polymers
and many more [6,7]. However, these biorefineries are financially un-
viable in the long term unless all streams are optimally valorized [8].
Here the improvement of lignin processing is crucial, where major in-
novations are yet to be discovered [5].

Lignin is a complex, highly branched polyphenolic macromolecule
formed in plants by connecting aromatic monomers [9]. The principal
building blocks for lignin are guaiacyl- (G), syringyl- (S) and hydrox-
yphenyl- (H) propane units and these are connected via -0-4, -5, -5
(Fig. 1) and many other types of linkages [10]. This results in a recal-
citrant heterogeneous polymer, the most abundant, one-of-a-kind,
potentially renewable source for aromatic compounds [11]. Many
different technical lignin types are available, including lignin from
pulping streams such as Kraft lignin, soda lignin or lignosulfonates and
sugar-based biorefinery lignin such as wood hydrolysis lignin (HL)
[5,12].

Biorefinery wood HL has a more native structure, higher MW (mo-
lecular weight) and is sulfur-free, in contrast to many types of lignin
from pulping, with highly condensed structure and chemical contami-
nation [13,14]. HL is obtained by using mild physicochemical condi-
tions with an enzymatic treatment to hydrolyze polysaccharides into C5
and C6 sugars, resulting in crude HL [15]. The production of HL is
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estimated to rise and could become the major contributor in the lignin
market [5]. However, many valorization avenues require HL dissolution
or purification, which remains challenging.

Solubilization of lignin makes it more conducive to chemical and
biochemical reactions [9,16]. Most types of wood lignin, poorly soluble
in water and organic solvents, are soluble in alkaline aqueous solvents
[17,18]. The use of a high base concentration can lead to unwanted
changes in the structure of lignin, cause polycondensation and pollution
of the material. In addition, it affects the cost efficiency, thus reducing
opportunities for further valorization. The solubility of lignin in alkaline
conditions is well established in the industry, however only recently, a
comprehensive study about Kraft lignin solubility in various alkali was
published [19].

Therefore, a sustainable, cost-effective and low chemical load choice
is critical for the dissolution of HL. Based on the experience of our
research group, we proposed that application of US energy shows
promise for the valorization of HL during solubilization [20,21]. In-
depth reviews have recently been published with great perspective on
US use in biomass pretreatments, lignin degradation and many suc-
cessful biomass conversions into value-added products. These compre-
hensive reviews highlight different US physical and chemical effects that
have yielded beneficial results in biomass valorization [22-24].

These are mainly acoustic cavitation-related physical effects such as
shock waves, high-speed microjets, microbubble implosion and hotspots
that can increase mass transfer, homogenization and turbulence. Cavi-
tation effects can impact the characteristics of the biomass, such as
cellulose crystallinity, accessibility, the solubility of biomass compo-
nents, particle size and surface area [22,25,26]. Besides these, sono-
chemical effects are also integral and are associated with forming highly
reactive radical species due to the implosion of the cavitation bubbles
[22,27-29].

The central theme of the studies available in the literature is about
the non-wood herbal plants and agricultural biomass pretreatment with
US, often focusing on the lignin removal in the separation process of
lignocellulosic materials, not on the valorization of lignin [26,30-32].
To obtain better results for the delignification of corn straw, pre-
treatments using US have also shown the requirement for additional
energy input, e.g. microwave. This highlights the difficulties in the
implementation of US during the pretreatment phase, where a great deal
of energy is used for heating and dispersion [26]. In the earliest work,
milled wood was treated with US in a neutral solvent, with higher yields
reported [33]. However, some studies have focused on wood-based
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lignin valorization with US assistance. It has been postulated that US
could cleave the ether bonds in lignin, which leads to depolymerization
or polycondensation reactions. For example, treatment of Kraft lignin
with US resulted in high MW lignin fractions [34]. Other examples
include methods for lignin nanoparticle formation or depolymerization
at 250 °C (300 W and 35 kHz) for 6 h [35-37]. Recently, the efficiency of
Kraft lignin dissolution in protic ionic liquids was improved, with US
achieving saturation in less than 4 h compared with a required 8 h using
mechanical agitation [38].

On an industrial scale US is found in environmental remediation,
synthesis, extraction and the food industry [39]. However, the US
technology has not yet been applied in forest biorefinery due to the low
efficiency and high energy consumption required to overcome the
intrinsic recalcitrant nature of wood biomass. Modern forest bio-
refineries use various efficient methods for pretreatment of wood chips,
such as nitrogen or steam explosion, supercritical conditions and/or
thermo-mechanical-chemical treatment, after which new avenues for US
treatment open [2,5,40-43].

To the best of the authors knowledge, no studies have been presented
dealing with alkali solubilization and purification of industrially pro-
duced wood HL and the effect of US to promote the processes of wood
biorefineries.

In this article, the US effects on the solubility of industrially produced
birch HL at various mild alkaline conditions and HL contents were
investigated. The resulting solution concentrations and the molecular
weight distributions of dissolved HL fractions were analyzed. The HL
was isolated via acid precipitation and a higher purity product was
obtained. The HL structure was characterized by size exclusion chro-
matography (SEC) and two different NMR methods: HSQC and *'P to
elucidate the US effects on HL linkages and hydroxyl groups.

2. Materials and methods
2.1. Materials

Fibenol OU provided the birch HL, this is produced by using Sun-
burst™ technology and the resulting slurry is processed with cellulases.
Composition of the HL: lignin content of 86.3 + 1.75 %, 1.15 % ash, 4.7
% glucose, 2.1 % xylose, 1.3 % galactose, 0.6 % arabinose, 1.4 %
mannose.

DMSO-dg, CDCl3 and TMDP were purchased from Sigma-Aldrich.
Concentrated HySO4 was purchased from Honeywell and NaOH from
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Fig. 1. Visualization of the lignin subunits guaiacyl (G), syringyl (S) and hydroxyphenyl (H) as well as the primary linkage types present in lignin: f-O-4, -p, p-5.
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Lachner.

2.2. Hydrolysis lignin solubilization and recovery

All solubilization experiments were carried out in Sonopuls cooling
vessel KG5 with 60 ml of solution at 25 + 1 °C. 0.00, 0.50, 0.75, 1.00 and
2.00 wt% aqueous NaOH solutions were used with 100 S/L and 150 S/L,
solid-to-liquid ratio (S/L) in grams of HL per liters of NaOH solution. The
NaOH solution was added to the dried HL powder and continually mixed
on a magnetic stirrer (800 rpm) for a total of 90 min. Temperature in the
reaction vessel was controlled and recorded with a Refrigerated Heating
Circulator Bath (Ministat 125, Peter Huber Kaltemaschinenbau GmbH).
Soluble and insoluble fractions were separated by centrifugation with
Eppendorf 5804, FA-45-6-30 rotor at 11 000 rpm for 10 min and the
solution was filtered. The lignin concentration in solutions was
measured by UV-vis spectroscopy and calculated via a calibration curve
at 280 nm and from the insoluble residue gravimetrically. All of the
solubility experiments were done in at least triplicate and the standard
deviation from separate experiments were calculated. Dissolved lignin
was isolated from solution by acid precipitation with 3 M HySO4 with
adjusting the pH to 2. The pH value was determined using Metrohm 744
pH meter. Precipitated lignin was washed three times with Milli-Q HyO
to remove any residual salts and other water-soluble contaminants. The
yield of dried precipitated lignin was determined gravimetrically.

2.3. Ultrasound-assisted solubilization of hydrolysis lignin

US-assisted solubilization was carried out under the same conditions
as described in 2.2. However, dried HL powder was first mixed in cor-
responding NaOH solution on magnetic stirrer for 30 min and was
continued when US was switched on. Then the mixture was sonicated for
60 min at 25 + 1 °C 30 % power by Bandelin Sonopuls HD 4200 (20 kHz,
the maximum power of the ultrasonic transmitter was 200 W). The en-
ergy output was 34 W in water, estimated calorimetrically in the same
reaction vessel with the TT 213 titanium tip, apparatus shown in the
Supplementary Fig. 2S. The solubility measurements as well as the acid
precipitated lignin were obtained as described above.

2.4. Ultrasound treatment of homogeneous hydrolysis lignin-alkali
solution

The HL was first solubilized as described in 2.2. and after the
filtration of the homogenous alkaline HL solution (60 ml) was treated
with US for 60 min at 25 + 1 °C. After every 10 min 200 pl of sample was
taken: analyzed with SEC and UV-vis. After US treatment the lignin was
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recovered by acid precipitation as described above.

2.5. Molecular weight determination of dissolved hydrolysis lignin
fractions

The relative molecular weight distributions of the soluble lignin were
measured by SEC. The analysis was done using a Shimadzu Prominence
system with a UV detector at 280 nm with size exclusion columns MCX
1000 A 5 ym, 8 mm x 300 mm and MCX, 8 x 300 mm, 10 000 A, 5 um
with pre-column MCX 5 um, 8 mm x 50 mm (Polymer Standards Ser-
vice). Isocratic flow with 0.1 M NaOH solution at a flow rate of 0.6 ml/
min, samples were run for 50 min, with an injection volume of 10 ul. The
relative molecular weight of lignin was determined using a polystyrene
sulfonate sodium salt standard-based calibration curve in the range of
246 Da to 100 000 Da. The obtained chromatograms from the samples
were analyzed with Lab Solutions GPC software.

2.6. Structural analysis of dissolved hydrolysis lignin fractions

2.6.1. Two-dimensional heteronuclear single quantum coherence NMR
spectroscopy

The measurement method was adapted from the method used by
Zikeli et al. [35] and the interpretations were based on literature
[35,37,44]. The two-dimensional heteronuclear single quantum coher-
ence (HSQC) NMR method is commonly used to quantify the aromatic
subunits and aliphatic linkages in lignin structure.

HSQC (*H-'3C) spectra were recorded by the dissolution of 120 mg
of dry lignin sample in 0.5 ml DMSO-ds. The material was solubilized
overnight and measured using Bruker Avance-III 700 MHz. The spectra
were obtained using Bruker TopSpin pulse program hsqcedetgpsisp2.3,
with 16 scans, 0.08 s acquisition time and 3 s relaxation delay. The
resulting signals were integrated as seen in Fig. 1S. The monomeric
composition is calculated via C-Ha ¢ and the inter-unit linkages are
calculated via Cy-H signals.

2.6.2. Hydroxyl group quantification by 3'P NMR

The number of hydroxyl groups was determined with 3!P NMR
spectroscopy using the procedure by Meng et al. [45].

30 mg of dry lignin sample was dissolved in 0.5 ml solvent mixture of
pyridine/deuterated chloroform (1.6/1 v/v). To the dissolved lignin
sample 0.1 ml internal standard solution was added, containing 5 mg/ml
chromium(III)2,4-pentanedionate (Cr(acac);) and 18 mg/ml N-hy-
droxy-5-norbornene-2,3-dicarboxylic acid imide (NHND), as the relax-
ation agent and internal standard respectively. Followed by the addition
of 0.1 ml 2-chloro-4,4,55- tetramethyl-1,2,3-dioxaphospholane
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Fig. 2. Soluble fraction of HL (%) in correlation to NaOH/HL (g/g) ratio. a) non-US, b) US treatment at 20 kHz. Filled black and empty red circles represent the 100

and 150 S/L respectively.
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(TMDP). The obtained solution was mixed and measured immediately.
Bruker Avance-III 700 MHz spectrometer was used to obtain the spectra.
The inverse gated decoupling pulse (zgig) program was used with a
spectral width of 100 ppm, the acquisition time of 0.8 s, the center
spectrum of 140 ppm and 256 scans. The resulting spectra were pro-
cessed and hydroxyl groups were calculated as previously described in
literature.

3. Results and discussion

3.1. Solubilization of hydrolysis lignin in mild alkaline conditions assisted
by ultrasound

It is important to note that industrial HL from the carbohydrate-
based biorefinery contains large amounts of impurities, up to 20-50
%, including free saccharides (from cellulose and hemicellulose hydro-
lysis), mineral salts, recalcitrant polysaccharides as well as some cellu-
lases [5,10,14]. In this study, very high purity industrial HL was used,
about 86 % of the total weight accounts for native lignin. However,
when evaluating the HL dissolution results, it should be noted that
mineral salts and free saccharides are soluble in NaOH aqueous solutions
in addition to lignin. About 10 % of HL is purely water-soluble.

The solubilization results of HL in the NaOH aqueous solutions
without and with US treatment are listed in Table 1 and 2. Two solid-to-
liquid ratios (S/L) in grams of HL per liters of NaOH solution were
studied: 100 and 150 S/L.

It was found that the solubility of HL in pure water is 10.2 g/l at 100
S/L and 13.4 g/I at 150 S/L, most likely due to the increase in the
amount of water soluble salts, monosaccharides and water soluble lignin
fragments. The addition of NaOH increased the solubility of HL from
53.9 g/lin 0.5 wt% NaOH solution to the maximum solubility of 79.5 g/1
in 2 wt% NaOH solution at 100 S/L.

However, the relative solubility (%) in water remained lower at 150
S/L than at 100 S/L, 8.8 % vs 10.1 %, respectively (Table 1 and 2). This
could be due to the salting- and sugaring-out effect [46], which could
reduce the solubility of lignin molecules in water. The absolute solubi-
lity difference (g/1) suggests that the saturation point of the solvent had
not yet been reached. Similarly, the solubility increases with the amount
of NaOH and the maximal solubility of 119.5 g/1 is reached at 2 wt%
NaOH solution at 150 S/L.

The results in Table 1 and Table 2 showed a correlation between the
ratio of solid NaOH (g) to solid HL (g) and the relative solubility of HL.
The dissolved HL fraction yield (%) at both S/L ratios vs NaOH/HL were
plotted (Fig. 2a). It was found that the soluble fraction yield is higher
with an increase of NaOH/HL ratio and reaches a maximum solubility
plateau at a ratio of 0.1, as seen in Fig. 2.

Recently a systematic analysis of Kraft lignin dissolution in alkaline-

Table 1
HL solubility (g/1) and the soluble fraction (%) obtained from the experiments,
with and without US at 100 S/L at 25 °C.

100 S/L
NaOH NaOH/ non-US Us
(wt HL . .
%) ratio Solubility Soluble Solubility Soluble
(g/D fraction g/D fraction
(%) (%)
0.00 0.00 10.2 + 10.1 £ 0.7 10.0 + 10.0 + 0.8
0.8 0.8
0.50 0.50 53.9 + 54.5+ 0.8 65.4 + 65.2 + 1.2
0.7 1.2
0.75 0.08 68.2 + 68.8 +0.3 78.1 + 77.9 +£ 1.0
0.4 0.9
1.00 0.10 77.8 + 78.4 + 0.5 87.4 + 87.6 + 0.8
0.4 0.6
2.00 0.20 79.5 + 79.5+0.7 88.9 + 89.2+1.5
0.7 1.7
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Table 2
HL solubility (g/1) and the soluble fraction (%) obtained from the experiments,
with and without US at 150 S/L at 25 °C.

150 S/L
NaOH NaOH/ non-US Us
(wt HL . .
%) ratio Solubility Soluble Solubility Soluble
/D fraction g/D fraction
(%) (%)
0.00 0.00 13.4 +£ 0.8 8.8+ 0.5 142+ 1.1 9.5+ 0.7
0.50 0.03 63.5+ 24 423+1.5 782+ 1.5 52.0+0.9
0.75 0.05 83.9+3.0 557+20 989 +0.9 65.9+0.7
1.00 0.07 100.6 + 67.1 +1.3 1159 + 77.2+1.6
2.2 2.7
2.00 0.13 119.5 + 79.6 +1.9 133.7 + 89.0 +1.1
3.0 2.0

based aqueous solvents was performed. Among the many conclusions, it
was found that increasing the alkali concentration directly improves the
solubility of Kraft lignin [19]. This has also been supported by a previous
study, which concludes that the lignin solubility depends not only on the
relative concentration of the base in the solution but also on its absolute
concentration [47]. Similar behavior of HL can be seen in this study up
to 0.1 NaOH/HL ratio, however at higher ratios, a fraction of HL remains
insoluble, thus seemingly independent of NaOH concentration.

While US-assisted solubility of HL shows the same tendency as
without US, there was an increase in the maximal HL solubility, up to 90
%, it should be noted such solubility is not achieved under extended
conventional mixing time or at higher temperatures. It can be seen from
Table 1 that, at 100 S/L the solubility of HL at 1 wt% NaOH solution
without US is equal to the solubility at 0.75 wt% NaOH with US, 77.8
and 78.1 g/l respectively, thus reducing the amount of NaOH by a
quarter. Interestingly, the absolute solubility of HL under US increases
on average by the same amount, 10.4 and 15.0 g/1in 100 and 150 S/L,
regardless of the increase in NaOH concentration. This seems to suggest
that US affects mainly a certain fraction of HL.

3.2. Dissolution dynamics under ultrasonic treatment

To better understand the US effect on HL dissolution process, the
solubility enhancement during the irradiation was determined. Samples
were taken at time intervals from HL — NaOH solution mixtures at 100
and 150 S/L and the corresponding concentrations of HL (g/1) in solu-
tions with US (Cys) and without sonication (Cy.,) were determined by
UV-vis spectroscopy. The results are shown in Table 2S and 3S. The ratio
of the respective concentrations (Cys/Cron) Was considered as the effect
of US on solubility enhancement during sonication (Fig. 3; Fig. 3S and
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Fig. 3. Improvement of HL solubilization (Cys/Cpon) in NaOH solutions at 0.5,
0.75, 1 and 2 wt% with 60 min of sonication (150 S/L ratio at 25 °C).
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4S). Numerical values of Cys/Cpon can be found in Table 4S.

As can be seen in Fig. 3 the Cys/Cpon is irradiation time-dependent. In
all NaOH solutions a significant increase in HL dissolution is observed
after 10 min sonication. The maximum Cys/Cnon at 2 wt% NaOH is
reached at 30 min, no significant increase occurs during further pro-
cessing. However, in dilute NaOH solutions, lignin continues to dissolve
uniformly over time with sonication. It could be concluded that a frac-
tion of HL, which is insoluble even at a high NaOH concentration (2 wt
%), is dissolved in all NaOH solutions within a short period of US irra-
diation. It is essential to note that this did not happen in pure water.
Nevertheless, in dilute NaOH solutions, solubility of HL increases under
further sonication. The Cys/Cpon reaches 30 % in 0.5 wt% NaOH solution
after irradiation for 60 min.

3.3. Lignin recovery from NaOH solution — Acid precipitation

The acid precipitation of lignin with HySO4 is a standard method for
lignin recovery from black liquor in the Kraft process [48-50]. For
optimal precipitation, HySO4 is added until the pH is 2, which allows
solid lignin to be separated from the solution without other impurities.

Acid-precipitated lignin (APL) was yielded from dissolved HL solu-
tions obtained with and without US treatment. APL yields (mass of
recovered APL from corresponding solution, g/1) from various NaOH
solutions at 100 and 150 S/L are given in detail in Table 1S. In Fig. 4 the
effect of US on the APL yield (Yus/ Ynon), as a ratio of corresponding
yields from solutions treated with (Yys, g/1) and without US (Ypon, 8/1),
are plotted against the initial NaOH/HL ratio.

As seen in Fig. 4, Yys is considerably higher compared to Ypon. The
Yuys/ Ynon increased up to 37 % at 0.5 wt% NaOH and at 150 S/L. The Y
corresponds to the solubility results obtained in the dissolution process
by US. It can be concluded that US primarily affects the dissolution of
lignin molecules rather than cellulose or other polymeric impurities.
Even with 2 wt% NaOH solution, the addition of US during solubiliza-
tion leads to a 10 % increase in Yys/Ynon- The added H2SO4 for lignin
precipitation is in proportion to the NaOH used in the dissolution, so the
US treatment could significantly reduce the consumption of chemicals.

3.4. The mode of ultrasound affecting HL solubility — Size exclusion
chromatography

Lignin, like other polymers, can be characterized as a combination of
its average molar masses (number-average, M, and weight-average, M)
and polydispersity (My/My; PDI), which can provide information on the
molar mass distribution of lignin, where the molecules have various
degrees of polymerization [51]. SEC has been used for the

1.5+
1.4 o 100 S/L
: o 150 S/L
§1.3-
>-
> 1.2-
{n
1.1- { } {
1.0-
0.00 0.05 0.10 0.15 0.20
NaOH/HL ratio

Fig. 4. The US effect on enhancement of APL yield (Yys/ Ynon) vs the NaOH/HL
ratio in solubilization of HL at 25 °C (60 min of sonication). Filled black circles
indicate data from 100 S/L and empty red circles for 150 S/L.
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characterization of different technical lignins [51], soluble and insoluble
lignin fractions from solvent fractionation [52] and the effects of US on
Kraft lignin in solutions [34].

The average values of the M, My, and PDI of the dissolved HL
fractions in NaOH solutions with and without US treatment are given in
the Table 5S (100 S/L) and 6S (150 S/L). In order to better understand
the HL dissolution process with and without US, M,,, M,, and PDI of the
dissolved HL fractions were plotted as a function of the ratio of NaOH/
HL (Fig. 5). As can be seen in Fig. 5a, M, of dissolved HL fractions
without US treatment increases linearly from 8.1 to 12.2 kDa with an
increase of NaOH/HL ratio. However, Fig. 5b shows that M,, seems to
increase, ranging from 77.2 to 88 kDa, up to 0.1 NaOH/HL ratio, but
does not increase further. These data are consistent with the maximum
solubility data illustrated in Fig. 2. Consequently, the PDI decreases
progressively with increasing NaOH concentration in the mixture, which
decreases from approximately 10 to 7.2, even after the maximum
dissolution has been achieved at 0.1 of NaOH/HL ratio, as shown in
Fig. 5c. A lower PDI means a narrower molecular size distribution and
therefore a more homogeneous material. Lignin molecules in NaOH
solution are assumed to be dissolved in a colloid-like form, where the
weakly acidic phenolic OH groups are dissociated and the negatively
charged lignin molecules are associated with sodium as the counter ion
[53]. Thus, extra dissociation of OH groups caused by increased NaOH
concentration could lead to the dissolution of larger HL molecules. The
lignin dissolution with strong bases, like KOH and NaOH, can also
involve its degradation [9]. However, no depolymerization of HL can be
seen during solubilization.

A significant increase in My and M, of dissolved HL fractions ob-
tained with US compared to conventional mixing, Fig. 5 (a; b). My, of
dissolved fractions with US increases almost linearly from 12.4 to 15.2
kDa and corresponding M, of fractions is averagely 30 % higher
compared to non-US samples. The most considerable change in M,, of
dissolved HL is at low NaOH concentrations, ranging from about 80 kDa
non-US to 100 kDa with US. The M,, varies insignificantly in different
NaOH solutions under US. At higher NaOH/HL ratios, of course, the
solubility of HL has already reached its maximum. However, it can be
seen that the shift in the M,, of dissolved HL under sonication is in the
same direction as the effect of US on solubility at different NaOH/HL
ratios, seen in Fig. 4.

The molecular weight distribution (MWD) of 150 S/L fractions from
0.5 wt% and 2 wt% NaOH solutions are illustrated in Fig. 6a, the dis-
tribution is shifted towards higher MW with increased NaOH concen-
tration. Ultrasonic treatment introduces a certain fraction of lignin
molecules with a very high MW to the solution, illustrated in Fig. 6b.
This applies to all NaOH/HL ratios obtained with sonication. Consid-
ering that at lower NaOH/HL ratio, the average soluble HL fraction
consists mainly of the lower MW molecules and US significantly in-
creases the solubility of relatively large molecules. This fraction solu-
bilizes with 10 min of sonication, which may explain the jump in
solubility at the same irradiation time as seen in Fig. 3.

Previous reports have demonstrated that the mechanoacoustic ef-
fects dominate delignification of biomass at lower US frequencies
[23,54]. In the present work, the increased lignin solubility can be
attributed to physical US effects - as a result of improved erosion and
accessibility of insoluble residual lignocellulose, by presumably
breaking down lignin-cellulose or lignin-lignin complexes [23,26,54].

However, increased molecular weight of dissolved HL in solutions
imply the possibility of condensation reactions. Different studies have
found that during US pretreatment of lignocellulose, lignin condensation
reactions can occur [55] and for example the molecular weight of dis-
solved Kraft lignin increased in solution during US treatment [34].

Thus, homogeneous HL solutions with various NaOH concentrations,
produced by conventional stirring and removal of the insoluble fraction,
were treated with US for 60 min. As seen in Fig. 7, no increase in My, was
detected. In contrast, HL degradation occurs during sonication as My,
drops on average from about 80 to 65 kDa in all NaOH solutions. While



K.K. Puss et al.

Ultrasonics Sonochemistry 93 (2023) 106288

a b c
20+ 1104 _ 10+ <
T e
'Y T T N
T - T =
15- o ) E— } 100 + -“71"_' _______ " DA
3 -1 -3 90 ~m S~ee
—- a —. S ~~<
g 10- . H__.i———‘?' X ,}"‘{ """ a RN *
o f% S 80- -+ o ~~-a
* 70
-e- non-US —e- non-US -e- non-US
0- - us 60- = US 4 - US
T T T T 1 r T T T 1 ! 1 T T 1
0.00 0.05 010 0.15 0.20 0.00 005 010 0.15 0.20 0.00 0.05 010 015 0.20
NaOH/HL ratio NaOH/HL ratio

NaOH/HL ratio

Fig. 5. The values of M,,, M, and PDI of dissolved HL fractions with and without US treatment as a function of NaOH/HL ratio. Orange rectangles denote US-treated,
whereas black circles are for non-US. a) M,; b) M,,; ¢) PDI (M,,/M,).

a b
0.31 A 0.31
Iy !
i il \ non-US © 1 1 k) 0.50% NaOH
5 gy 5 N
® 0.2 /7 % - 050%NaOH @ g, /’:/'/ 3 US treated
; 0
g //,/ Y -- 2.00% NaOH B i "\ --- non-US
S i/ Ry = /! ‘.
z i \
I \ /i
S 014 7 \“\ S 0.11 /: \ High M,, fraction
-4 .’ \‘\\ =z / \\ >10 kDa
‘{\\“v..“ ~;:-:;:;:. \l\.
0.0- T 0.0 T
100 1000 10000 100000 100 1000 10000 100000
M,, (Da)

M, (Da)

Fig. 6. Molecular weight distributions (MWD) of dissolved HL fractions treated with and without US at solid-to-liquid ratios 150 S/L: normalized signal at 280 nm in
correlation to the molecular weight on a logarithmic scale in Da. a) HL fractions dissolved in 0.5 and 2 wt% of NaOH solutions without US b) MWD of HL fractions

dissolved in 0.5 wt% of NaOH solution treated with and without US.

901

- 0.50% NaOH
-8~ 0.75% NaOH
-a- 1.00% NaOH
-% 2.00% NaOH

M,, (kDa)

o»od

60-

0 10 20 30 40

Irradiation time (min)

Fig. 7. Decrease in M,, of HL in homogeneous 0.5, 0.75, 1 and 2 % of NaOH

solutions during 60 min sonication at 20 kHz and at 25° C.

there is a decrease in the My, it is relatively insignificant (Fig. 5S). This
could indicate that radically induced homolytic cleavage of linkages
occurs in solution, as observed previously [37,56]. Indeed, the degra-
dation of lignin in the solution could affect the overall solubility, but at
the same time, in the dissolution process, the heterogeneous insoluble
solid can adsorb a part of the US energy.

The results of SEC analysis suggest the presence of different US ef-
fects in the solubilization process of HL. Firstly, the mechanoacoustic
effects dramatically increases the dissolution of larger molecules
through microjet formation for example. Secondly, sonochemical
degradation of lignin continues throughout the dissolution process in
the corresponding solution (compare Fig. 3, Fig. 5 and Fig. 7).

3.5. Structural characterization of dissolved hydrolysis lignin

3.5.1. Determination of structural changes in dissolved hydrolysis lignin via
2D-HSQC NMR

The possible structural changes of the dissolved HL fractions result-

ing from NaOH solutions with and without ultrasonic irradiation were
analyzed with state-of-the-art NMR methods. From the selected condi-

tions, the corresponding APL was analyzed with HSQC as well as 3'P
NMR [35,37,44,45].
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The distribution of the main cross-signals in the 2D-HSQC NMR
spectrum of APL can be found in Fig. 1S. The HSQC NMR of the HL used
in this study shows a typical bias of hardwood lignin [57] towards the S
units and a high S/G ratio (subunit structure shown on Fig. 1). Here S-
units are highly present at 78-81 % and G units at 15-18 %, while H-
units are found only in low amounts 3-4 % (Table 3). Although the
changes in the structure of APL are minimal at different NaOH contents
and with sonication, however a particular trend can be observed. Alkali
input affects the solubility and the monomeric composition of APL
without US, where the S/G ratio is 6 and 5, at 0.5 wt% and 2 wt% NaOH
respectively. Thus, it can be concluded that a fraction of HL rich in G
subunits is solubilized with higher NaOH concentration. A similar phe-
nomenon occurs with the US-treated 0.5 wt% NaOH mixtures, where the
increase in solubility is comparable to the high NaOH solution without
US and G units are more represented in APL. As the content of G units
increases from 15 % to 18 % with US, the S/G ratio is shifted from 6 to 4
(Table 3). At 2 wt% NaOH, the US treatment shows no measurable
change in the S/G ratio; however, the solubility has already reached its
maximum under the action of NaOH, thus US has little effect.

The inter-unit linkages in dissolved HL with and without US in alkali
mixtures are shown in Table 3 and are illustrated in Fig. 1S. The $-O-4
bonds are the most present linkage type in dissolved HL from 62 % to 52
%, at 0.5 wt% and 2 wt% NaOH respectively. The difference here sug-
gests that the HL soluble at lower NaOH has higher abundance of the
polar -O-4 bonds and the fraction soluble at higher NaOH contains
more f-f bonds. The possibility of f-O-4 cleavage via NaOH catalysis is
also present at higher alkali concentrations, which could lead to the
formation of new f-f via condensation reactions [58,59]. Presumably,
the depolymerization of HL enhances the dissolution and poly-
condensation causes precipitation. However, as shown above, the rela-
tive My, increased with higher NaOH content (Fig. 4), as well as the
solubility of HL (Fig. 1) and achieved equilibrium at a ratio of 0.1
NaOH/HL.

Surprisingly, US has an insignificant effect on the amount of -0-4
and S-p linkages of dissolved HL, although solubility increases compared
to the non-US samples (Table 1 and 2). Still, in NaOH solutions, the more
HL is solubilized and thus affects the abundance of different linkages.
However, irradiation of homogenous HL solutions (Fig. 6), there was a
noticeable decrease in $-O-4 bonds from 55 % to 50 % (Table 7S). This
decrease in $-O-4 bonds can explain the decrease in My, of HL in solu-
tions under US treatment (Fig. 6), which reflects the depolymerization of
HL. The effect of US on degradation of HL in homogeneous solutions will
be discussed in more depth in our following article.

3.5.2. Determination of hydroxyl group content in hydrolysis lignin
fractions by 3P NMR

The solubility of Kraft lignin in water is determined by the abun-
dance of OH groups enhancing the hydrophilicity [60] and its dissolu-
tion in alkali bases on the acid-base properties of the dissolved fractions
determined by the phenolic groups [47]. The 3'P NMR spectral shifts
allow the differentiation of aromatic and aliphatic hydroxyl groups and
carboxylic acid groups [45].

Quantitative S1p NMR

experiments were performed with

Table 3

Monomeric ratios and ratios of inter-unit linkages of the APL isolated from HL
dissolved at 150 S/L ratio in of NaOH solutions (0.5 and 2 %) treated with and
without US (60 min), estimated on the basis of cross-peak signal integrals of the
respective 2D-HSQC NMR spectra. Monomeric compositions are calculated via
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phosphitylated crude HL (washed with water) and APL samples
precipitated from 0.5, 1 and 2 wt% NaOH solutions of 150 S/L with
mechanical stirring and treated with US. Crude HL was washed with
water to avoid overlapping OH groups of free sugars. However, the
washed crude HL was only partially soluble (only the soluble fraction
was used) in the phosphitylation reaction, so the complete determina-
tion of all the OH groups is restricted. All APL samples were fully soluble
in the phosphitylation process. These data are summarized in Table 4
and more detailed results are given in Table 8S. As can be seen in
Table 4, crude HL should be more similar to the native lignin structure,
exhibit lower phenolic OH and higher aliphatic OH content and likely
contain more aryl alkyl ethers (Fig. 1).

It was found that lower NaOH concentration selectively dissolves
smaller and hydrophilic HL. molecules (Fig. 6a) rich in OH groups.
However, an increase in the alkali concentration leads to the dissolution
of the larger molecules with the lower total content of OH groups, as
seen in Table 4. The aliphatic OH groups decrease from 2.08 mmol/g at
0.5 wt% NaOH to 1.74 mmol/g at 2 wt% NaOH. The same tendency
occurs with the phenolic groups, from 2.37 mmol/g to 1.90 mmol/g,
respectively.

US treatment shows relatively little change in the linkages of dis-
solved HL (Table 3). However, compared to the conventional mixing the
OH groups in dissolved HL are drastically increased. There is an overall
increase in the amount of OH groups, up to 0.42 mmol/g (ca 10 % in-
crease). The increase could be due to the mechanoacoustic disruption of
possible lignin-cellulose complexes, where the high MW lignin mole-
cules, rich in OH groups, are hydrogen bonded to the cellulose residues
or molecularly integrated with the cellulose residue.

Another aspect is the cleavage of -O-4 in solution via the sono-
chemical reactions with cavitation induced radicals, yielding phenolic
or aliphatic OH groups. The concentration of aliphatic and aromatic OH
groups increased with US treatment of homogeneous solution
(Table 9S). Of course, OHe radicals produced sonolytically from water
can also react directly with the aromatic rings of HL. However, the
highest US solubility effect is found at low NaOH/HL ratios, but here the
abundance of OH groups remains similar for US and non-US fractions
(Table 4). This could indicate the dominance of mechanoacoustic effects
on HL solubility at low NaOH/HL ratios. Still it can be concluded that
higher abundance of OH groups in lignin is generally behind the higher
solubility.

4. Conclusions

In order to achieve maximal solubility of HL in water, strong alkali
conditions are commonly used in the industry, followed by acid pre-
cipitation to obtain purified HL. For the first time, this work describes
the use of US (20 kHz) to enhance the solubility and purification of
industrially produced birch HL under alkaline conditions. Dissolution of
HL was correlated to the increase of NaOH concentration in the solution
and the maximum solubility of HL was slightly below 80 wt% at 0.1
NaOH/HL ratio. However, US treatment enhanced the maximum solu-
bility of HL up to 90 wt%. It was shown that the sonication effect on the
solubility of HL was up to 30 wt% higher at low ratios of NaOH/HL
(0.03-0.1) compared to conventional mixing. In addition, the lignin

Table 4
Hydroxyl content in HL fractions dissolved in selected NaOH solutions with and
without US treatment at 150 S/L ratio as determined by quantitative 3!P NMR.

Cy,6-Ha 6 and the inter-unit linkages via Cy-H,. Functional Non-US us
0, -0
NaOH Monomeric ratio (%) S/G Inter-unit linkages (%) groups NaOH (wt%) NaOH (wt%)
(Wt%) G S H ratio  f-0-4  p-5 BB (OH, mmol/g) HL 050 1.00 200 050 100  2.00
0.50 Non-US 15 81 4 6 62 6 32 Aliphatic 1.44 2.08 1.95 1.74 2.04 2.12 1.92
us 18 78 4 4 61 6 33 Phenolic 1.25 2.37 2.30 1.90 2.48 2.49 2.11
2.00 Non-US 17 80 3 5 52 7 41 Carboxylic acid 0.06 0.11 0.07 0.07 0.10 0.11 0.10
us 17 80 3 5 52 7 41 Total 2.75 4.56 4.32 3.71 4.62 4.72 4.13




K.K. Puss et al.

recovery yield with acid precipitation was found to be 37 % higher with
US treatment at low ratio of NaOH/HL. Thus, leading to novel HL
valorization approaches through lower chemical load and milder con-
ditions for processing. Equal lignin yield can be achieved with US by
using 25 % less NaOH during the solubilization process, while also
reducing the required amount of acid for purified lignin precipitation.

The soluble HL fractions obtained with US treatment in all NaOH
solutions, were characterized by increased M,,, due to larger lignin
molecules from the solid phase being released into the solution, which
was attributed to the mechanical effect of US. No polycondensation
occurred under these conditions, in contrast sonication of homogeneous
HL alkali solution results in the decrease of My,. This was attributed to
radically induced homolytic cleavage of HL inter-unit linkages, as evi-
denced by the reduction of #-O-4 bonds. The generation of oxidizing free
radicals in solution caused by cavitation was supported by the increase
of OH groups in the soluble lignin structure. Thus, both mechanical and
sonochemical solubilization pathways contribute to the dissolution of
HL in aqueous alkali solutions.

US technology offers high potential in combination with novel pre-
treatment technologies to enhance the biorefinery processes sustain-
ability and introduce the new bioproducts in multiple ways in the
valorization of forestry biomass.
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