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AgSO biorefinery: a green and parameter-
controlled process for the production of
lignin—carbohydrate hybrid materials¥
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The current biorefineries are focused on the comprehensive fractionation of biomass components into separ-
ate lignin and carbohydrate fractions for the production of materials, platform chemicals and biofuel.
However, it has become obvious that the combination of lignin and carbohydrates can have significant tech-
nical, environmental, and economic benefits as opposed to their separate use. Herein, we developed a green,
simple, and flexible biorefinery concept for the integrated utilization of all major biomass components for
high-value applications with the focus on functional lignin—carbohydrate hybrids (LCHs). The established
process consisted of a modified hydrothermal treatment (HTT) of birch wood followed by solvent extraction
of the resulting solids and is therefore named AquaSolv Omni (AgSO) biorefinery. The AgSO biorefinery pro-
duces three major streams: hydrolysate (hemicellulose-derived products), solvent-extracted lignin—carbo-
hydrate complexes (LCCs) and cellulose-rich fibers. Specific process conditions were found to facilitate the
production of LCCs of different types in high yields as a new valuable and industrially realistic process stream.
The effect of the process severity and liquid to solid (L/S) ratio on the yields and compositions of the produced
fractions as well as on the structure and properties of the extracted LCCs was investigated using state of the
art NMR spectroscopy and molar mass distribution analysis among other methods. The high flexibility of the
process allows for engineering of the resulting products in a wide range of chemical compositions, structures
and physicochemical properties and therefore gives a good opportunity to optimize the products for specific
high-value applications. The process can be easily combined with other biorefinery operations (e.g., enzy-
matic hydrolysis, pulping, bleaching) to be incorporated into existing value chains or create new ones and thus
is suitable for different biorefinery scenarios. First examples of high-value applications of AgSO biorefinery
LCHs are reported. LCC nanoparticles (LCCNPs) were produced for the first time directly from the solvent
extract and their properties were investigated. LCCNPs could efficiently stabilize Pickering emulsions of tetra-
hydrofurfuryl methacrylate and allowed their free radical polymerization. In addition, AgSO LCHs showed
promising results as wood adhesives. Overall, our results provide detailed information on the complex ligno-
cellulosic fractions and bridge the gap from process engineering to sustainable product development.

few potential sources of renewable energy, but not the only
one; there are other alternatives, such as solar, wind and

Plant biorefinery is a valuable alternative to the current
petroleum-based industry and thus it is of key importance to
address UN Sustainability Goals." Plant biomass is one of a
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hydroelectric power of energy, green hydrogen fuel, etc.
However, plant biomass is the most abundant and readily
available source of renewable chemicals. Therefore, the utiliz-
ation of biomass components for high-value chemicals/
materials can be more economically profitable than biofuel
(e.g, bioethanol) production, which can thus be considered a
co-product rather than the main target in the new scenario.
The main goal of the new biorefinery approach is to maximize
technical and therefore economic outcomes, considering high-
value products from all biomass components, i.e., creation of
an advanced integrated biorefinery.

Green Chem., 2022, 24, 6639-6656 | 6639


http://rsc.li/greenchem
http://orcid.org/0000-0001-6566-5706
http://orcid.org/0000-0003-3615-8582
http://orcid.org/0000-0002-9967-9054
http://orcid.org/0000-0002-1201-8668
http://orcid.org/0000-0001-7747-9310
http://orcid.org/0000-0003-1860-9669
http://orcid.org/0000-0002-7759-4412
https://doi.org/10.1039/d2gc02171d
https://doi.org/10.1039/d2gc02171d
https://doi.org/10.1039/d2gc02171d
http://crossmark.crossref.org/dialog/?doi=10.1039/d2gc02171d&domain=pdf&date_stamp=2022-08-26
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc02171d
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC024017

Open Access Article. Published on 30 July 2022. Downloaded on 7/21/2025 11:52:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Current industrial sugar-based biorefineries are focused on
ethanol (biofuel) among other monosaccharide-derived plat-
form chemicals leaving very little attention to lignin and
potential polymeric carbohydrate streams. However, lignin-
containing streams, current low-value by-products, could be
exploited to replace chemicals with significantly higher
revenue than biofuel alone.>® They can be the game-changer
for sugar-based biorefineries rather than just an added value.
However, the ability to optimize the properties of lignins for
targeting characteristics (i.e., lignin engineering) via biomass
processing is vital to meet the requirements of precursors in
high-value applications. This is not the case in the current
biorefinery where lignin is obtained as a by-product after
process optimization for bioethanol production.

In addition to lignin, the valorization of polymeric and oligo-
meric hemicelluloses and cellulose (including cellulose nano-
crystals/cellulose nanofibers (CNCs/CNFs)) for high-value pro-
ducts, such as environmentally compatible and human-friendly
materials for various applications targeting health, food, cos-
metics, polymeric composites for 3D-printing, and the paper/
textile industry,”” is desirable for the best benefits from inte-
grated biorefineries as a sound alternative to the current
bioethanol or monomeric sugar production. This also allows
one to take advantage of the unique polymeric features of the
plant polysaccharides rather than losing these properties when
breaking the polysaccharides into the respective monomers.

The predominant industrial wood biorefinery process, Kraft
pulping, is focused on cellulosic pulp production, i.e. utilizing
only about 30-60% of biomass (including minor side streams,
such as Kraft lignin, turpentine, tall oil, etc.) while the rest is
incinerated to generate the energy required for the recovery of
the Kraft process chemicals. Isolation of Kraft lignin (KL) is
technically limited to a small portion of the extracted lignin®**
while dissolved carbohydrates cannot be recovered due to their
further transformation to a complex mixture of products. A
good example of an integrated biorefinery is the current sulfite
process, producing pulp, lignosulphonates (LS), bioethanol and
other valuable products, such as vanillin,” from all components
of wood. However, the process has serious drawbacks limiting
its share in the industry to a few percent.'® All current pulping
processes are optimized for specific pulp characteristics, thus
dramatically limiting the range for lignin optimization. In
addition, both sulfite and Kraft processes use sulfur-containing
chemicals and therefore are not very environmentally friendly.
Furthermore, the presence of sulfur in KLs and LSs is often
undesirable in different high-value applications.

Organosolv pulping processes can overcome the limitations
of the current industrial pulping and can potentially serve (if
all industrial issues are addressed) as an integrated
biorefinery''™*° utilizing all process streams. Nevertheless, the
production costs are significantly higher than the traditional
pulping and sugar-based biorefineries.>® More advanced
“lignin-first” approaches suggest process optimization for
specific lignin characteristics.'>™'® However, the suggested
methods also possess certain limitations. The current “protec-
tive” strategies imply much more complex processes using
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expensive and sometimes toxic chemicals (such as formal-
dehyde, dioxane, etc.). Sophisticated valorization routes are
suggested for targeted lignin degradation products as an
alternative to the inefficient drop-in strategy.'® Thus, very high
production costs would be expected limiting the current
“lignin-first” approach only to the production of chemicals of
very high value (e.g., pharmaceuticals), which, however, have a
very limited market size.>®'® The most economically attractive
lignin applications of high market size, but of lower (as com-
pared to pharmaceuticals) value, such as thermoplastics, poly-
urethanes (PU), and phenolic resins, will be likely more cost-
challenging for these sophisticated processes.

Importantly, the traditional biorefinery approaches, both
industrial and emerging, imply maximal separation of the
biomass components targeting high-purity products; there is
also an assumption on direct correlation between the purity of
a product and its value. However, harnessing the lignin-carbo-
hydrate synergism of biorefinery streams, demonstrated
recently,"”’? is a very promising direction for advanced biorefi-
neries showing better performance (at lower costs) of ligno-
cellulosic hybrids (LCHs). A few examples are the so-called cel-
lolignins (lignins with minor amounts of cellulose) and ligno-
celluloses (celluloses with minor amounts of lignin) which
perform better in specific applications than pure lignin or cell-
ulose. This approach may be considered as novel because it
shows a conceptional difference compared to the exhaustive
biomass fractionation.

Lignin-carbohydrate complexes (LCCs) represent another
good example for the synergism between lignin and carbo-
hydrates and therefore can be very valuable biorefinery pro-
ducts. LCCs combine chemically linked aromatic and carbo-
hydrate moieties exhibiting amphiphilic properties that create
unique possibilities for their compatibility with different
bioproducts.>>*® For example, polysaccharides increase the
emulsification performance of lignin and lignin nanoparticles
(LNPs).>”?% On the other hand, a positive effect of lignin moi-
eties on the stabilization of galactoglucomannan (GGM)-based
emulsions was recently claimed.>®?° It was explained by the
natural amphiphilicity of LCCs and its capacity to anchor into
the oil-water interface and contribute to interfacial stabiliz-
ation. LCCs demonstrated better anti-HIV properties than
tannins and flavonoids,*" as well as good biological compatibil-
ity allowing their application in different areas of medicine.*>*
It was claimed that lignin moieties in LCCs were more impor-
tant for anti-HIV activity than carbohydrate units. At the same
time, application of pure lignin did not show any anti-HIV
activity, indicating the synergism between lignin and polysac-
charide domains in LCCs.*' In another study, carbohydrate-rich
LCCs obstructed the development of breast tumor -cells,
whereas lignin-rich LCCs effectively activated macrophage cells
that are considered as the first line of defense in the immune
system.?® These reports underline that the ability to engineer
the LCC structure should be critical in LCC valorization.

The presence of LCCs in spent liquors from neutral sulfite
semichemical pulping®® and hydrothermal treatment (HTT)
hydrolysates of soft-, hardwood and non-wood biomasses>>="73°

This journal is © The Royal Society of Chemistry 2022
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has been reported. Isolation of LCCs from these solutions
usually implied the use of XAD resins and methanol.>**° Maple
and bagasse LCCs isolated via this route are composed of about
34.5% and 24% lignin, respectively, and about 48% carbo-
hydrates;*® about 10% of lignin monomeric units were involved
in LCC linkages. Giummarella and Lawoko®® reported much
higher amounts of LCC linkages in HTT hydrolysates (without
LCC fractionation) composed of ca. 10% lignin; up to 50% of
lignin monomeric units were claimed to be involved in LCC lin-
kages. The main limitation in the LCC valorization is the lack of
industrially relevant methods for LCC isolation as the use of
polymeric resins is neither facile nor cost-efficient for industry.
Moreover, the yields of LCCs isolated via this route were rather
low, only 0.4-0.8% of the original biomass.*®

Thus, biorefinery approaches providing different high-value
streams from all biomass components are of top importance. In
particular, engineering of LCHs in the new biorefinery concept
and their further exploitation are of high interest. To develop an
advanced integrated and industrially feasible biorefinery
approach, HTT is a simple and efficient industrially relevant
technology currently used for hemicellulose extraction from
biomass'®*>*! in processes targeting dissolving grade pulps or
bioethanol. HTT was also optimized for the valorization of poly-
meric and oligomeric hemicelluloses.” Nevertheless, few
attempts have been made related to lignin valorization in this
process. Recently, we have suggested a lignin-centered HTT
process®” that showed a proof-of-concept for the extraction of
pure lignins in high yields from HTT solids produced under
specific HTT conditions. Direct utilization of the lignin extracts
in lignin micro- and nanoparticle (LMNP) manufacture allowed
for low production costs. However, the engineering of lignin
and other valuable process streams has not been addressed yet.

In this study, we propose a green, simple and flexible bio-
refinery process for integrated utilization of all biomass com-
ponents for high-value applications with the focus on func-
tional lignin-carbohydrate hybrids. The suggested process
consists of HTT followed by a solvent extraction of the result-
ing solids (under ambient conditions) and was therefore
named AquaSolv Omni (AqSO) Biorefinery. In particular,
process conditions resulting in a new LCC stream of high
yields that can be easily implemented by the industry were dis-
covered. The main objectives of this work were (1) to study the
effect of process conditions on the yield, structure and
physicochemical properties of the AqSO products to evaluate
the ability to engineer precursors with desirable character-
istics; (2) to produce nano-particles from the LCC streams and
elucidate their properties and application potential and (3) to
evaluate different biorefinery scenarios for the AqSO process.

View Article Online
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2. Experimental

2.1. Materials and chemicals

Acetone (C3HgO, 95 vol%), sulfuric acid (H,SO,, 98 wt%), and
deuterated dimethyl sulfoxide (DMSO-d), (all analytical grade)
were purchased from Sigma-Aldrich.

Sawdust of silver birch (Betula pendula) was screened to
collect 0.55-0.125 mm particle size and air-dried. To eliminate
the effect of lipophilic extractives, they were removed prior to
HTT using acetone extraction of the sawdust in a Soxhlet
apparatus (Table 1).

2.2. AqSO process (Fig. 1)

HTT of the extractive-free sawdust was carried out in a swing
reactor (inner volume = 120 cm?®; Fig. SI1t), equipped with
temperature control in both the heating block and inside the
reactor, at 195 °C and at the liquid to solid (L/S) ratio range of
1-8. The temperature profile is shown in Fig. SI2.7 As the
heating period had a significant effect on the course of the
process, the severity of HTT was expressed as P-factor as
follows (assuming activation energy as 125.6 kJ mol™"):*°

t t
P — factor = J K1) dt = J 10485 (1)
0 1100°C 0

where £ is the rate constant, ¢ is the residence time (h) and T is
the reaction temperature (K). P-Factor was set in the range of
400-2500.

One example of a typical experimental procedure is given
(conditions: P-factor = 500, L/S = 1). Birch wood sawdust

-

St Hydrothermal .‘,
treatment
L
| £
(Carbohydrates, LCC
AcOH, Furfural) Acetone
extraction

m Ext. Solids

-

Fig. 1 Experimental design.

Table 1 The composition (mass %) of the original extractive-free birch sawdust

AIL* ASL? Total lignin Gle Xyl

Total carbohydrates Acetyl groups Uronic acids

19.0 3.5 22.5 39.1 19.4

“ Acid insoluble lignin. ? Acid soluble lignin.

This journal is © The Royal Society of Chemistry 2022
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(4.21 g with 4.90% moisture content corresponding to 4.00 g
o.d. wood) were placed inside the swing reactor together with
the required amount of water (3.79 g). Further details are
given in the ESL{ The reactor was closed and then set to
swing until the required P-factor was reached. Once the reac-
tion was complete, the reactor was cooled down fast (from
195 °C to T < 100 °C within 2 min). The resulting HTT solids
and hydrolysate were separated by filtration using a glass cru-
cible (pore size 3 pm) and the solids were exhaustively washed
with deionized water. The washed HTT solids were exhaus-
tively extracted with aqueous acetone solutions of various con-
centration to extract the maximal amount of acetone-extracta-
ble LCC (AEL). A comprehensive sequence was tested starting
with the acetone concentration of 90% (v/v) followed by conse-
quent extractions with 75 and then with 50% acetone.
However, separate experiments showed that the yield and the
properties of the AELs extracted directly with 75% acetone
were the same as those of AEL obtained from the sequential
extraction; therefore, direct extraction with 75% acetone was
used on a routine basis. The acetone solution was rotary evap-
orated (T = 40 °C, p = 20 mbar) to produce AEL, which was
vacuum-dried to a constant mass at 40 °C over P,Os. The
corresponding solids (ext. solids) were dried and weighed to
determine the yield. The AELs were coded as follows: the ones
produced at different L/S ratios (at constant P-factor of 500)
were coded as AEL-1, AEL-2 ... AEL-8. Those produced at
different P-factors (at constant L/S = 1) were coded as AEL-400,
AEL-500 ... AEL-2500.

2.3. Compositional analysis of HTT solids

The compositional analysis of ext. solids included the quanti-
fication of acid insoluble lignin (AIL), acid soluble lignin
(ASL) and carbohydrate composition using standard proto-
cols.*® A dry sample (ca. 0.3 g) was hydrolyzed with 3 mL of
72% H,SO, at 30 °C for 1 h. The acid solution was diluted to
4% concentration of H,SO,, and autoclaved at 121 °C for 1 h.
The amount of AIL was determined gravimetrically upon fil-
tration, while ASL was evaluated by UV spectrophotometry at
205 nm. The carbohydrate monomers released by the acid
hydrolysis were analyzed by ion chromatography using a
Dionex ICS 3000A machine equipped with a CarboPac PA1
column.

2.4. Carbohydrate composition in AELs

To characterize the chemical composition of non-cellulosic
carbohydrate in the AELs, acid methanolysis and trimethyl-
silylation were carried out following the procedures described
by Sundberg et al.** In short, approximately 10 mg (+0.01 mg)
of freeze-dried samples were methanolysed into monosac-
charides using 2 mL of 2 M HCI in anhydrous methanol. The
mixture was kept at 105 °C for 4 hours in a 10 mL pear-
shaped flask equipped with a hermetically sealing Teflon-
coated screw cap. A 1 mL carbohydrate calibration solution
containing an equal amount of monosaccharide (0.1 mg
mL~" in methanol/water 9:1 (v/v)) and uronic acid (except 4-
O-MeGlcA) was also subjected to the same acid methanolysis
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procedure. The mixture was cooled to ambient temperature
and neutralized with 150 pL of pyridine. Subsequently, 1 mL
of 0.1 mg mL™" resorcinol in methanol/water 95:5 (v/v) was
added as the internal standard and the mixture was then
evaporated to dryness by nitrogen (N,) flow in a 50 °C water
bath. The completely dried samples were trimethylsilylated
using 150 pL of pyridine, 150 pL of hexamethyldisilazane
(HMDS), and 70 pL of trimethylchlorosilane (TMCS) at
ambient temperature for at least 12 hours. The trimethyl-
silylated derivatives of sugar and uronic acid units were ana-
lyzed with a gas chromatograph (GC, PerkinElmer
AutoSystemXL) equipped with a flame ionization detector
(FID) on Agilent capillary columns coated with crosslinked
methyl polysiloxane (HP-1, 25 m x 0.20 mm i.d., 0.11 um film
thickness; HP-5, 25 m x 0.20 mm i.d., 0.11 um film thick-
ness). The analytes were quantified against resorcinol using
correction factors determined by calibration. Then, the carbo-
hydrate content in the AEL samples was calculated from the
corresponding monosaccharide amount using an anhydrosu-
gar coefficient of 0.88 for pentoses, 0.90 for hexoses, and 0.91
for uronic acid.

2.5. Hydrolysate analysis

2.5.1. Determination of monosaccharides and oligosac-
charides. To determine the monosaccharides and oligosac-
charides in the HTT hydrolysates, trimethylsilylation fol-
lowed by GC-FID analyses was performed using xylitol as the
internal standard. Briefly, 1 mL of internal standard solu-
tion containing 0.1 mg mL™" xylitol in methanol/water (9: 1)
was added into a sample vial containing 2.0 mg (+0.01 mg)
of the freeze-dried sample. The solvent was evaporated
under a N, flow in a 50 °C water bath and the sample was
completely dried in a vacuum desiccator at 40 °C. The dried
sample was dissolved in 150 pL of pyridine and then tri-
methylsilylated with 150 pL of HMDS and 70 pL of TMCS
overnight. The trimethylsilylated derivatives of sugars
(mono- and disaccharides) were determined with the same
GC-FID instrument and columns used for the carbohydrate
analysis of AELs. The correction coefficient were determined
by calibration.*®

The analysis of silylated oligosaccharides containing 3 to
5 monosaccharide units was performed with a GC-FID
(PerkinElmer, Clarus 500) using an Agilent J&W HP-1/SIMDIST
short capillary column (6 m x 0.535 mm i.d., 0.15 pm film
thickness). The chromatogram quantitation was performed by
the peak area normalization method.*®

2.5.2. Acetic acid. The analysis of acetic acid in the HTT
hydrolysates was carried out with a HPLC (Agilent 1260
Infinity, USA) equipped with a UV-DAD detector using a
Phenomenex Synergi Hydro-RP 80 A column (250 x 4.6 mm
i.d., 4 pm particle size) with a guard column. In short, pH of
HTT hydrolysate was adjusted to 2.5-2.7 with 30% (w/w) ortho-
phosphoric acid. 0.02 M KH,PO, solution (pH = 2.5-2.7) was
used as eluent. The HPLC system was operated under the fol-
lowing conditions: eluent flow rate 1.0 mL min~"; injection
volume 20 pL. The solution of acetic acid with different con-

This journal is © The Royal Society of Chemistry 2022
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centrations (0-100 mg L") was used for obtaining the cali-
bration curve using the signal at 210 nm. The sample was fil-
tered over a 0.2 um nylon syringe filter prior to HPLC
injection.

2.5.3. Furfural and 5-hydroxymethylfurfural (HMF). The
analysis of furfural and HMF concentration in the HTT
hydrolysate was performed with a HPLC-DAD (Agilent 1260
Infinity, USA) equipped with an Agilent Poroshell 120 EC-C18
column (4.6 mm x 50 mm, 2.7 pm particle size) using gradi-
ent elution of component A (Milli-Q water with 0.5% v/v
acetic acid) and component B (HPLC-grade methanol with
0.5% (v/v) acetic acid). The HPLC system was operated under
the following conditions: eluent flow rate 1.4 mL min™%
injection volume 25 pL; 40 °C column temperature. The
eluent composition gradually changed from 95% A and 5% B
in the beginning to 5% A and 95% B at 3.7 min and then
changed back to 95% A and 5% B at 4.2 min until the end of
the measurement (5.0 min). The solutions of furfural and
HMF of different concentrations (0-100 mg L") were used
for making calibration curves using the 276 and 284 nm
signals, respectively. The sample and calibration solutions
were filtered over a 0.2 pm nylon syringe filter prior to HPLC
injection.

2.6. Nuclear magnetic resonance (NMR) spectroscopy

2.6.1. HSQC NMR method. The 2D NMR spectra were
recorded with a Bruker AVANCE 600 NMR spectrometer
equipped with a CryoProbe. About 80 mg of the sample was
dissolved in 0.6 mL of DMSO-des. The acquisition time of
77.8 ms was set for '"H-dimension and 36 scans per block were
collected using the 1024 collected complex points. For *C-
dimension, the acquisition time was 3.94 ms and 256 time
increments were recorded. The 2D HSQC NMR data were
manipulated with 1024 x 1024 data points applying the Qsine
function for both "H and "*C dimensions. The DMSO peak at
Sclbyr 39.5/2.49 ppm/ppm was used for the calibration of the
chemical shifts. The cross-peaks were assigned based on the
previous reports.””>! The quantity of different lignin and LCC
signals was normalized using an assumption of:

G+ S =Gy + Sz6/2 = 100Ar.

This assumption implies that the condensation (substi-
tution) at the positions of G2 and S2,6 of lignin is insignifi-
cant, which would be verified in more comprehensive further
NMR studies. However, it is still valuable for relative compari-
son with the literature data as this normalization is used when
only HSQC spectra of lignins are available.****3

2.7. Glass transition temperature (T})

The glass transition temperature was determined by using a
Q2000 (TA Instruments, USA) differential scanning calori-
meter (DSC). Each specimen (ca. 7 mg) was heated under a
nitrogen flow (50 ml min™") at a rate of 20 °C min™" from
25 °C to 150 °C and held for five minutes to remove any
remaining moisture and cooled to 25 °C. Subsequently, the
sample was heated at the same rate to 200 °C and 220 °C. The

This journal is © The Royal Society of Chemistry 2022
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last trace was used to determine the T, with the TA Universal
Analysis software. The DSC curves are shown in the ESI

(Fig. SI3*1).

2.8. Molar mass distribution

Determination of molar mass characteristics was performed
on an HPSEC (Agilent 1100/1200/1260 Series, USA) equipped
with an RI detector (Wyatt Technology Optilab High
Concentration Differential Refractometer with a Laser Option
785 nm, Wyatt Technology, USA) and a MALS detector (Wyatt
Technology DAWN 8 ambient with a Laser Option 785 nm,
Wyatt Technology, USA) following the recently described proto-
col.>* This method allows for the detection of the absolute
molar mass in contrast to the commonly used calibration with
specific standards.

1
dn\*
(a) xc
where M is the molar mass, I is the light scattering intensity,
dn/dc is the refractive index increment, and ¢ is the mass
concentration.

Dry AELs were dissolved in 0.05 M LiBr in DMSO (10 mg
mL™"), filtered and analyzed with a series of connected
columns (Jordi Gel Glucose Mixed-bed guard column (50 x
10 mm id.) and a Jordi Gel DVB Mixed-bed column
(250 mm x 10 mm i.d.)) using 0.05 M LiBr in DMSO as the

eluent. The dn/dc value of 0.15 mL g ' was used for
calculations.

M oc

2.9. Surface tension analysis

The surface tension of the sample solution (0.1 mg mL™", pH
12.5) against air was measured with a force tensiometer-K100
(Kriiss, Germany) using a Wilhelmy plate at 25 °C.

2.10. Preparation and characterization of colloidal LCC
nanoparticles (LCCNPs)

The preparation of LCCNPs from the extracted AELs was per-
formed via the solvent-exchange methodology adapted from a
previous work.”> The particles were produced by rapid
pouring of water into a vigorously stirred LCC solution in
acetone-water (3:1, w/w). The final aqueous dispersion of
LCCNPs (0.4 wt%, 4 g L") was obtained after filtration with a
mass yield of 87%. A Zetasizer Nano ZS (Malvern, UK) equip-
ment was used to characterize LCCNPs for the hydrodynamic
particle diameter by dynamic light scattering (DLS). Zeta
potential measurements were made using a dip cell probe in
the same instrument. Scanning electron microscopy (SEM)
images were recorded on a JEOL JSM-7401F (JEOL Ltd, Japan)
operating at 5 kV. The colloidal dispersions of LCCNPs were
deposited onto a silicon wafer substrate and evaporated at
room temperature for the SEM investigation. For particle size
measurements and electron microscopy imaging colloidal
dispersions of LCCNPs were diluted in deionized water by a
factor of 1: 40.
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2.11. Pickering emulsion polymerization of
tetrahydrofurfuryl methacrylate

The Pickering emulsions were formed by gradually adding
tetrahydrofurfuryl methacrylate (THFMA) and azobisisobutyro-
nitrile (AIBN, 2 wt% relative to THFMA) to a water dispersion
of LCCNPs (9 g L™") under vigorous stirring (final o/w ratio
10/90 v/v), following a previously described methodology for
the preparation of styrene-based Pickering emulsions using
hybrid LNPs.>® Prior to polymerization, Pickering emulsions
were degassed by bubbling with nitrogen gas for 10 minutes.
Polymerizations were conducted by heating the degassed
Pickering emulsions stabilized with LCCNPs at 65 °C in a ther-
mostatic bath for 12 h. After polymerization, the resulting
LCCNP-coated polymeric microparticles were purified by three
centrifugation/re-dispersion cycles replacing each decanted
supernatant with deionized water.

Optical microscopy analysis of Pickering emulsions and
latex dispersions was carried out in a Nikon (Alphaphot2)
optical microscope. The emulsion and latex dispersions were
previously diluted by adding one drop of the sample in 1 mL
of deionized water. Image] software was used to process the
recorded images and calculate the mean droplet size based on
50 measurements for each sample.

2.12. Automated bond evaluation system (ABES) method

Veneer strips (20 x 117 mm®) were cut from conditioned
veneer sheets (silver birch, Betula pendula Roth). An industrial
liquid phenol formaldehyde (PF) resin (Prefere 14J021, Dynea
Chemicals Oy, Hamina, Finland) was modified by substituting
30% of the solid content with HTT solids. This means that the
PF load was 30% less than in the control and HTT solids were
added instead of it in the equivalent mass amount. The resins
were applied to an area of 5 x 20 mm? at one end of the veneer
strips to give a resin spread rate of ~200 g m~>. After adhesive
application, the veneer-resin assembly was placed in the ABES
equipment (Adhesive Evaluation Systems, Incorporated,
Corvallis, OR, USA) and hot pressing was started almost
immediately. The assembly time for specimens was approx. 10
s. The environmental conditions during all tests were fixed at
20 (1) °C and 65 (+2)%. The shear strength was measured
after various pressing times ranging from 25 to 150 s. The
platen temperature was set to 130 °C and the press pressure
was 2.0 MPa. At least seven replicated measurements were
made for each datapoint.

3. Results and discussion

The overall goal of the present study was to elucidate the distri-
bution of the main wood components in the process streams
and changes in the AqSO Biorefinery products, such as their
yields, compositions, chemical structures, and other key
characteristics, through the course of the reaction in order to
evaluate the applicability of the process for different biorefin-
ery scenarios. Therefore, the process was carried out at
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different HTT severity and L/S ratios but at a fixed reaction
temperature (195 °C).

3.1. Yields and composition of the main products

The previous study’® implied that the L/S ratio significantly
affected the yields of the extracted lignins (AELs). However,
recently we found out that the Parr reactor used in the previous
work was not suitable to carry out HTT at L/S < 4 due to
inhomogeneous heat distribution through the reactor, and the
quantitative data reported there for the experiments at L/S = 4
should be reconsidered. The use of the new reactor type solved
the problem; the temperature of the heating block (set at 195 °C
to avoid overheating) and the temperature inside the reactor
matched closely after the heating up period (see Fig. SI2¥). After
confirming this, the role of L/S ratio was revisited in a wider
range of L/S ratios using the reliable reactor type.

The effect of the L/S ratio was investigated at a fixed P-factor
of 500. No significant differences were found between the
experiments at the L/S ratio in the range of 3-8 (Fig. 2).
However, a further decrease in the L/S ratio (L/S = 2) resulted
in a substantial increase in the AEL yield and the corres-
ponding decrease in the amount of residual lignin (RL) in the
extracted solids. Surprisingly, AEL with a significant carbo-
hydrate content, implying the presence of LCC linkages, was
produced at L/S = 1 (Fig. 2c and d). LCC linkages were con-
firmed by 2D NMR (see below). A higher concentration of LCC
at L/S = 1 vs. that at L/S = 2 can be a reason for retaining both
lignin and xylan (Xyl) in the HTT solids (Fig. 2b) and decreas-
ing the AEL yield (Fig. 2a).

Although the highest AEL yield was observed at L/S = 2
(Fig. 2a), the highest LCC content was found in AEL produced
at L/S = 1 (Fig. 2c and d). Due to high interest in LCC pro-
duction as a valuable stream, L/S = 1 was selected for the next
set of experiments at different process severities.

As expected, an increase in the process severity (P-factor)
resulted in progressive wood dissolution, mainly due to xylan
hydrolysis. Of note is that the total lignin closure (Fig. 3a)
increased from about 100% (per original lignin) in the low sever-
ity range (P < 1000) to about 140% at P = 2500 indicating the for-
mation of pseudo-lignin at P > 1000. Pseudo-lignin is defined as
carbohydrate transformation products (such as polyfurans (aka
humins) formed from furfural, a xylan degradation product),
contributing to the analysis of lignin by the Klason method.*?

The yield of AEL also increased in the whole severity range
and reached a very high value of ca. 110% at a P-factor of 2500
(Fig. 3a). Correspondingly, the amount of residual lignin (RL)
in the extracted solids decreased reaching the minimum at P =
2000. The amount of dissolved lignin in the hydrolysate (SL)
was rather low, about 10% of the original biomass lignin, and
was independent of the process severity.

As expected, glucan (as cellulose) was very stable; its reten-
tion in the solids was above 90% of the original glucan
content over the entire severity range. The glucan content in
the extracted solids increased from 60 to 80% due to xylan and
lignin removal (Fig. 3b). The lowest lignin content in the
extracted solids was 6.7% at P = 2000. These solids also con-

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The effect of the L/S ratio (P-factor = 500) on the yield of different lignin fractions (a), extracted solid composition (b), carbohydrate contents
in AELs by the HSQC NMR (c) and methanolysis methods (d). AEL — acetone extracted LCC, SL — water soluble lignin in the hydrolysate, RL — residual

lignin in the extracted HTT solids.

tained a low amount of xylan (ca. 4%) and have a high cell-
ulose content (above 85%). A further increase in the severity
resulted in an increase in the residual lignin content (Fig. 3b),
probably due to re-polymerization of lignin and/or the contri-
bution of pseudo-lignin.

3.2. Structure of acetone-extractable LCCs

A low HTT severity (P ~ 400-600) resulted in AELs with the
highest carbohydrate content, which was significantly reduced
as the severity increased (Fig. 3c and d). A part of the extracta-
ble LCC apparently originated from partially cleaved native
LCC that enables its extraction with the solvent. Another part
of LCC was hypothesized to be formed during HTT. This was
in agreement with the highest LCC content at the lowest L/S
ratio (AEL-1); the low L/S ratio increased the concentrations of
lignin and carbohydrates in the reaction mixture and thus
facilitated the formation of new LCC linkages. An increase in
the L/S ratio resulted in the degradation of LCC linkages
(Fig. 2c and d), likely due to a higher amount of water in the
reaction system shifting the competition between the hydro-
lysis and formation of LCC to the former. Eventually, the
amount of carbohydrates in AELs decreased with increasing
severity (Fig. 3c and d) due to the degradation of LCC linkages
as well as carbohydrate (mainly Xyl) moieties in LCCs
themselves.

The main carbohydrate component in the LCCs was xylan
(Fig. SI4 and Table SI1}). However, the share of Xyl and uronic

This journal is © The Royal Society of Chemistry 2022

acids (UA) in the total carbohydrate content decreased (from
69 to 42% and from 20 to 12%, correspondingly) while the
share of the minor carbohydrates (called “others”) correspond-
ingly increased from ca. 11 to 46%. This again illustrates the
cleavage of xylan chains (with associated UA) in LCCs with
increasing process severity. The average carbohydrate chain
length can be calculated from the ratio of the terminal carbo-
hydrates to the total carbohydrates. The results showed
(Table SI27) that the extracted LCCs were of a rather special
type having a short (2.3-5 units) average carbohydrate chain
attached to lignin. We expect that the amounts and compo-
sition of carbohydrates and the carbohydrate chain length are
among significant factors determining LCC properties.
Assuming that each carbohydrate chain was attached to
lignin by only one linkage,”” the total amount of LCC linkages
could be evaluated by the amount of terminal carbohydrates
(reducing end units) plus phenyl glycoside (PhGly) moieties.
The amount of y-ester LCC linkages was usually determined by
the corresponding y-CH, resonance at ca. 62-65/4-4.5 ppm.>"
However, we realized that when the amount of these moieties
is not great, this signal was overestimated due to partial
overlap with a large resonance of other lignin y-CH, signals
(Fig. 4 and Table SI12}). Therefore, in this study, the amounts
of y-ester LCC linkages were quantified from the CH-1 signal
of the esterified uronic acid (GIcUE) at ca. 101.1/4.65 ppm.>°
Of note is that there was a reasonable correlation between the
amount of uronozyl moieties (sum of esterified and free

Green Chem., 2022, 24, 6639-6656 | 6645
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hydrate amounts in AELs by the HSQC (c) and methanolysis (d) methods.

COOH) quantified by the methanolysis and HSQC methods.
Benzyl ether (BE) LCC moieties resonate at ca. 80-81/
4.5-4.8 ppm (primary carbohydrate OH, BE;)***° and ca.
80-81/4.9-5.1 ppm (secondary carbohydrate OH, BE,).’" The
amount of the latter in AELs was negligible, whereas the
signals of BE; were rather significant (Fig. 4). However, lignin-
lignin benzyl ether Alk-O-Alk moieties also contribute to this
region®® and therefore, the resonance in this area should be
assigned to the total BE moieties (both LCC and lignin ones).
The amount of the total BE was rather stable (ca. 4/100 Ar)
through the whole severity range (Table SI2}) and did not
show any correlation with the amount of carbohydrates in
AELs. This implied that the contribution of lignin-lignin
ethers in BE resonance was significant, and it was not reliable
to evaluate the amount of BE LCC linkages separately from the
HSQC spectra. However, the maximal possible amounts of
these linkages (BEimax) can be evaluated by the amount of
minor carbohydrate units that may form BE; LCC linkages,
i.e., arabinose, mannose, galactose and glucose units quanti-
fied by the methanolysis method (Table SI1t).

Of note is that the sum of ether (even as a maximum,
BE;max) and ester LCC linkages was significantly less than the
total LCC linkages (excluded PhGly) quantified as the amount
of terminal carbohydrates units (Fig. 3). This implied the pres-
ence of LCC linkages of unidentified types; e.g., a possibility of

6646 | Green Chem., 2022, 24, 6639-6656

semi-acetal and acetal LCC linkages between carbonyl groups
of lignin and OH groups of carbohydrates could not be
excluded. In addition, the amounts of carbohydrates deter-
mined by the methanolysis were always somewhat lower than
that by the NMR method (Tables SI1 and SI2) indicating that
certain linkages between monomeric units are stable under
acidic methanolysis conditions. The GC chromatograms of the
methanolysis products showed significant amounts of non-
identified components at retention times higher than those
for carbohydrate monomers (Fig. SI5t). These suggested a
possibility of the presence of non-hydrolysable (methanolysis-
resisted) LCC moieties, e.g., those of C-C linkage types.
However, further studies are needed to elucidate new potential
types of LCC linkages.

The amounts of LCC linkages of all types decreased with
increases in P-factor and L/S ratio (Fig. 2 and 3). A similar ten-
dency was observed for acetyl (Ac) groups, likely from acetyl-
ated xylan units. The average carbohydrate chain length (DP)
decreased from 4-5 at lower HTT severity to ca. 2.5 at higher
severity (P-factor >1500) (Table S12).

3.3. Properties of acetone-extractable LCCs (AEL)

3.3.1. Molar mass characteristics. The molar mass charac-
teristics of AELs were analyzed by SEC combined with multi-
angle light scattering (MALS) and RI detection. The application

This journal is © The Royal Society of Chemistry 2022
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of MALS allows the determination of absolute molar mass.
The term absolute means that there is a theoretically derived
relationship between the molar mass and the intensity of light
scattered by macromolecules in a diluted solution, meaning
no calibration standards are required, and only the specific
refractive index increment at chemical equilibrium (dn/dc) has
to be accurately known. In this case, the molar mass values
measured by SEC/MALS/RI are significantly higher than that
estimated by the universal calibration approach.>*

The molar mass data showed (Fig. 5 and Table SI37) that
the L/S ratio did not have a significant effect on the weight-
average molar mass (M,,) except the experiment at the L/S ratio
of 2 when M,, of AEL was about 2.5 times higher (Fig. 5a). M,,
dramatically increased, more than 15 times, with the increase
in the P-factor from 500 to 2500 following an exponential
trendline (Fig. 5b). The molar mass dispersity (Dy;) of AELs
also significantly increased with increasing P-factor as well as
with increasing L/S ratio from 1 to 2 (at P-factor = 500) (Fig. SI6
and Table SI3}). Furthermore, positive correlations between
M,, and the AEL yields were found (Fig. SI7t). This tendency
was very interesting and indicated that higher AEL yields
caused by better solubility of AEL were due to the chemical

This journal is © The Royal Society of Chemistry 2022

structure despite the significantly higher molar mass of AEL.
In particular, the higher solubility of AEL in the aqueous
organic solvents can be due to a partial cleavage of LCC lin-
kages resulting in further extraction of AEL with lower carbo-
hydrate contents as the solubility of lignin in acetone is much
higher than that of carbohydrates.

Even though low molar mass lignins with low dispersity are
often targeted for various material applications, such as ther-
moplastic or thermosetting polymer blends,*>® this narrows
the window of opportunity for lignin valorization, which is
highly biased by the nature of synthetic polymers produced in
reactors under highly controlled conditions rather than in very
variable environments (biosynthesis of biopolymers in plants).
The scope of application needs to be widened to a more flex-
ible lignin property space to enable cost-effective and hence
industrially scalable lignin valorization. There are examples
where lignins with variable characteristics are successfully
used in plastics, such as hydroxyalkylated lignin derivatives
with a wide range of molar masses (M,, = 2000-50 000 g mol™")
and dispersities (2.5-25).°" The AELs produced by the facile
AgSO process exhibit a similar range of M,s and dispersity
without further modification reactions. Of special interest is

Green Chem., 2022, 24, 6639-6656 | 6647
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the fact that the low molar mass LCCs produced at low
P-factors incorporate a substantial amount of “hydroxyalky-
lated” groups due to carbohydrates. Thus, these highly func-
tional LCC substrates can open the bottleneck to environmen-
tally benign bio-based plastics potentially without the need for
further modification reactions. Other fields of application, in
which the variable molar mass and Py, have been appreciated,
are micro-/nanoparticles for dispersants, emulsions, colloids,
coatings, paints and adhesives.®”

3.3.2. Thermal properties. The glass transition temperature
(Ty) of lignin is a particularly important thermal property that
determines its suitability for various applications. While
lignins with high T,s are suitable precursors for the prepa-
ration of carbon materials (e.g. activated carbon powder or
Toncell carbon fibers), low T, lignins are preferably used as co-
polymers in the production of thermoplastic and thermoset
polymers or as precursors for meltspun carbon fibers.®*%37%>

The T, of AELs changed in a rather wide range of about
110-150 °C, depending on the reaction conditions (Fig. 6 and
Table SI4}). This was in the range of two different technical
lignin standards, indulin (T = 143 °C) and Alcell (T, = 91 °C),
indicating the possibility to produce a target value with the
same process by simply changing the process parameters.

150 }
140 R
~ e
o 130 | } .
(=] .
= 120 F '..-
110 .
100
90 " L " " L
0 500 1000 1500 2000 2500
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Fig. 6 The effect of the P-factor on the T, of AELs.
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3.3.3. Surface tension. The presence of lignin/LCC in water
decreased the surface tension at the air/water interface from
72 mN m™' (NaOH solution in ultrapure water at pH 12) to
around 60 mN m™' for AEL-500, regardless of the L/S ratio
(Table 2). AEL-2000 showed higher surface tension than
AEL-500, indicating the severe HTT conditions reduced the
surface activity of AEL at the air/water interface. Comparison
of AELs with reference lignins and LCC did not show any
obvious simple correlation with the compositional, structural
and molecular weight characteristics.

3.4. Hydrolysate composition

The focus of this research was on the solvent extracted LCCs
(AELs) as a new process stream. The composition of HTT
hydrolysate was addressed in previous publications and there-
fore little attention was paid to it in the current research.
However, general information on the main hydrolysate pro-
ducts would be useful to see the whole picture of the overall
biorefinery approach. In addition, our process was carried out
at much lower L/S ratio than most of the previous studies and
comparison with literature data would be useful to indicate
potential differences.

The results showed that the hydrolysate produced at moder-
ate severity (H500) was suitable for oligo-xylan production; it
also contained some xylose (monomers) while the amounts of
the degradation products were rather minor (Fig. 7). In particu-

Table 2 Surface tension of AELs, reference technical lignins and native
LCC in alkaline solutions (pH 12.5). BCEL and PLCC preparations are
birch and pine native LCC preparations reported earlier®* and used here
for comparison

Sample Surface tension (mN m™")
AEL-500 (L/S = 1) 62.6 £ 1.17
AEL-8 (P = 500) 60.9 £ 0.25
AEL-2000 67.3 £ 0.05
BCEL 59.7 £ 0.08
PLCC 69.9 + 0.08
Alcell 60.3 = 0.05
Indulin AT 65.0 = 0.03

This journal is © The Royal Society of Chemistry 2022
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lar, only 17% of the original acetyl groups were released under
these conditions and therefore the majority of xylan units still
possessed their acetylation pattern. In contrast, xylan was
almost completely (ca. 90%) degraded to furfural and products
of its further transformation (e.g., polyfurans) at high process
severity (P = 2500) and the hydrolysate (H2500) was more
appropriate for furfural and acetic acid production. The
amounts of glucan and its degradation products in the hydro-
lysates were very minor, as about 90% of glucan remained in
the solids. Of note is that the amount of non-identified pro-
ducts was rather negligeable in H500 (Fig. 7a and b), but sig-
nificant in H2500 representing ca. 40% of dissolved biomass
(Fig. 7a) or above 50% of the original xylan (Fig. 7c). They
likely belong to various polyfuran compounds, being in good
agreement with the amount of pseudo-lignin reported above.
Even though pseudo-lignin (also called “humins”) formation
was often considered as a negative phenomenon, some litera-
ture reported the suitability of humins for potential high-value
applications, such as activated carbon or adhesives.>®%%”
Carbohydrates in the hydrolysate were accessed by two
methods: direct analysis of monosaccharides in the hydroly-
sate as is and the analysis of monosaccharides released after
mild acid hydrolysis of the samples. The latter gave the sum of
free mono- and originally “bonded” carbohydrates, such as
free oligosaccharides and carbohydrates involved in LCC (via
hydrolysable linkages). Importantly, the amount of “bonded”
carbohydrates in H500 was an order of magnitude higher than
the values obtained by a direct analysis of free oligosacchar-
ides (with DP = 2-5) by GC using a short column (Tables SI6-
SI87). This implied that a high portion (above 70% by mass) of
carbohydrates in H500 was linked to lignin. On the other
hand, a very high portion of lignin monomeric units linked to
carbohydrates was determined by the HSQC method (Fig. 4,
bottom). The amounts of y-esters (GIcE), BE and PhGly LCC
linkages were about 18, 11 and 47 per 100 Ar, correspondingly,
i.e. 76/100 Ar in total. The evaluated amount of LCC (by mass
% and the frequency of LCC linkages) was much higher than
that reported in the literature for HTT hydrolysates produced
under different conditions (higher L/S ratio,
temperature)*>**°® and once again confirmed our suggestion
on the excessive formation of LCC linkages in different
process steams under AqSO process conditions. At the same

lower
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time, further validation of the HSQC analysis of LCC in hydro-
lysates (which composition and origin is very different from
more traditional LCC preparations we have studied with the
quantitative HSQC method®*”" by now) is needed to confirm
these values, that should be considered as relative so far.

The amount of water-soluble lignin (including lignin
domain in LCC) in the hydrolysates was rather stable (ca. 10%
of the original lignin or about 2.7% per biomass) at different
process severities at L/S = 1 (Fig. 3a) and significantly
increased (to about 5.8% per biomass) when the L/S ratio
increased (Fig. 2a). Of note is that the amount of lignin in the
hydrolysate in our experiments at L/S = 1 was about 3.7 times
less than that reported earlier.®® This was beneficial for the
corresponding increase in the yield of the target AELs. More
importantly, the significantly lower amounts of lignin in our
hydrolysates should mitigate a problem related to lignin pre-
cipitation on equipment, which is a very serious obstacle in
hydrolysate industrial processing.”®”*

Comparison of our results with literature data indicated
that the yield of xylan (especially oligo-) in H500 was about
1.5-1.8 times higher than that under similar severity, but at a
higher L/S ratio and lower temperature,®”’> which is an
additional advantage of the AqSO process.

3.5. Production of colloidal nanoparticles from the AELs

Lignin nanoparticles (LNPs) have emerged as a rapidly
growing field in lignin research due to their easy preparation
and uniform spherical shape, which offer benefits over struc-
turally complex technical lignins.®*”*”* Such particles are
negatively charged in water dispersions, owing to the presence
of hydrophilic groups on their surface and have been found to
be relevant building blocks in many applications ranging from
biomedicine to composites.”>””® However, to our knowledge
there are no previous attempts related to the production of col-
loidal nanoparticles from LCCs. Therefore, we evaluated the
possibility to produce such colloidal nanoparticles and eluci-
date their basic properties and potential applications.

The preparation of LNPs from the AELs, (hereafter called
LCCNPs) was performed via the solvent-exchange methodology
adapted from a previous work.”® The particles were produced
by rapid pouring of water into the LCC solution in aqueous
acetone. In all cases, colloidally stable LCCNPs could be
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Table 3 Characteristics of the colloidal LCCNPs?

Diameter Zeta potential Native
Samples (nm) PDI (mv) pH
AEL500 180 + 6.7 0.127 + 0.010 —-34.5£0.9 5.5
AEL600 128 £ 1.3 0.137 + 0.021 —26.4£0.8 5.5
AEL700 109 + 1.5 0.075 + 0.010 —-25.6 £0.9 5.7
AEL1000 108 £ 1.5 0.129 + 0.085 —-33.4£0.6 5.9
AEL2000 94 +1.2 0.128 + 0.025 —-37.8+£1.2 5.5
BCEL 89 +2.7 0.153 + 0.092 -38.9+1.8 6.1
PLCC 155 +3.2 0.101 + 0.091 —27.4+13 5.6

“At least three measurements were completed for each parameter.
Error ranges correspond to one standard deviation.

obtained from all AELs regardless of the HTT process con-
ditions (Table 3 and Fig. SI9f). In contrast, these particles
cannot be produced from the hydrolysate LCCs (e.g., H500)
naturally due to their solubility in water and therefore this
route is possible for AELs only, but not for earlier studied LCC
samples. 267303740

Dynamic light scattering (DLS) results revealed a clear
trend, where the particle size decreased with increasing
P-factor, which is most probably attributed to the amount of
carbohydrates in LCCs, frequency of lignin-carbohydrate lin-
kages and differences in the molecular weights of the carbo-
hydrate moieties that change the hydrophilic/hydrophobic
balance of the different samples (Table 3). Native LCC prep-
arations (BCEL and PLCC) also fit this tendency. However, no
simple correlation between LCC characteristics and zeta poten-
tial was found.

Scanning electron microscopy (SEM) micrographs also con-
firmed the formation of spherical LCCNPs from different AELs
and native LCCs (Fig. 8a and b). Interestingly, two main popu-
lations of spherical particles (200 nm and 90 nm) could be
appreciated in AEL-500, while only one main population of
spherical particles (90 nm) was observed in AEL-1000. This
was also in agreement with DLS measurements (Table 3). For
the native LCCs (PLCC and BCEL), spherical particles could
also be observed (Fig. 8c and d). However, most of these par-
ticles were agglomerated, and only a few individual particles
could be identified (highlighted in red sections). This high
tendency to agglomerate upon drying may be related to a high
concentration of carbohydrate chains in PLCC, which would
act as a bridging point and promote the interaction between
different particles.

Among different potential applications of LNPs, their use
as stabilizers for oil-water Pickering emulsions is very attrac-
tive due to not only the generation of durably stable
emulsions,”®”® but also the possibility to be used as a vessel to
polymerize hydrophobic monomers and generate latex disper-
sions that allow the preparation of composites with improved
properties and favorable carbon footprint.>”*® In this context,
the behavior of LCCNPs for the stabilization and radical
polymerization of tetrahydrofurfuryl methacrylate (THFMA)-
based Pickering emulsions was investigated (Fig. 9a). THFMA
was selected as the monomer due to its bio-sourced origin,
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hydrophobic nature and potential to replace petroleum-
sourced monomers such as butyl methacrylate.’® LCCNPs
from AEL-500 and PLCC were selected as model particles due
to their different tendency for interfacial agglomeration (Fig. 9,
compare a and c).

The Pickering emulsions were formed by gradually adding
THFMA to a water suspension of LCCNPs (9 g L™") under vigor-
ous stirring (final o/w ratio 10/90 v/v), following a previously
described methodology for the preparation of styrene-based
Pickering emulsions using hybrid LNPs.”” After immediate
preparation, THFMA-Pickering emulsions were stable regard-
less of the LCCNPs employed (Fig. 9b). However, time-depen-
dent visual inspection and mean droplet size measurements
by optical microscopy revealed partial THFMA migration from
the emulsion phase (Fig. 9b) and a significant increase in
emulsion droplet size at longer times (Fig. 9c and Fig. SI107).
This coalescence process occurs due to the inefficient coverage
of the oil-water interface with the particles. Here, it is impor-
tant to note that THFMA-Pickering emulsions stabilized with
LCCNPs from AEL-500 were found to be significantly more
stable in contrast to those obtained from PLCC (smaller
droplet size and no visual phase separation, compare Fig. 9b
and c). This fact could be associated with the high tendency
for PLCC to form aggregates as mentioned above, which most
probably promoted a destabilization of the emulsion, and con-
sequently a lower concentration of particles was available to
cover the emulsion droplet.

Therefore, free radical polymerization (FRP) of THFMA-
based Pickering emulsions using LCCNPs from AEL-500 and
AIBN as a thermal initiator at 65 °C was studied (Fig. 9a).
Stable latex dispersions were obtained from the polymerization
(Fig. 9e). SEM and optical light microscopy methods revealed
uniform spherical polymeric microbeads with a similar size to
that of the initial monomer droplets (Fig. 9d and f). The
microscopy images clearly showed that the poly(THFMA)
microspheres contained a thin amorphous layer of LCCNPs
(Fig. 9f), which indicate that LCCNPs can enable the polymer-
ization process in aqueous media. Thus, AGSO LCCNPs have
the potential to be used as building blocks to produce bio-
based composites, similarly to recently reported studies on
LNPs coated with chitosan and glucose oxidase.*® Importantly,
the best AEL preparation was found and its properties were
more suitable than those of reference native LCCs.

3.6. Application of lignocellulosic hybrids in wood adhesives

Replacement of phenol-formaldehyde (PF) resins, petrochem-
ical-based products derived from unsustainable fossil
resources using toxic formaldehyde and phenol in their formu-
lations, with sustainable and green lignocellulosic precursors
is of great importance. Recent studies'”*""** showed the good
potential of lignocellulosic hybrids (LCH) produced by a biore-
finery process based on supercritical water hydrolysis to
replace PF adhesives. It was speculated that other biorefinery
LCH can perform similarly. Therefore, it was of interest to
evaluate the performance of AqSO LCH in this application. For

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 SEM micrographs of LCCNPs from (a) AEL-500, (b) AEL-1000, (c) PLCC and (d) BCEL. Red marked sections highlight the presence of individ-

ual particles in samples with high tendency to form particle agglomeration.

this purpose, HTT solids were tested for replacement of a PF
resin used for wood adhesives.

In this initial trial, 30% of PF was replaced by the non-
extracted HTT solids produced at P = 2000. The results showed
that the bonding strength of the LCH-PF blend was very close
to that of the control PF resin (Fig. 10) indicating good poten-
tial of using AqSO LCH in replacing PF wood adhesive.
Importantly, not-optimized AqSO LCH showed significantly
better performance as compared to traditional technical
lignins, such as Indulin (Fig. 10) and others reported earlier.?
Following studies are expected to further optimize the sub-
strate for this application.

Of note is that the LCH used in the ABES test contains a sig-
nificant amount (ca. 40%) of pseudo-lignin (as polyfurans),
the presence of which is often considered negative. However,
our results confirm the earlier suggestion® that polyfurans
incorporated into lignin may play a positive role in certain
applications. It can be speculated that the incorporated poly-
furans possessing potential crosslinking centers, such as alde-
hyde groups and/or double bonds, facilitate resin curing
during hot pressing.

This journal is © The Royal Society of Chemistry 2022

Importantly, 30% of the total PF resin replacement corres-
ponds, by the quantity of lignin used, to a situation when ca.
70% phenol is replaced with lignin during resin formulation (as
the phenol share in the PF resin is about 40% by dry weight).?
In addition, the logistics of the direct PF resin replacement is
much simpler compared to inclusion of lignin in the resin for-
mulation. Furthermore, the price of PF resin is somewhat
higher than that of phenol.® Pilot experiments showed that, in
addition of PF resin, LCHs successfully replace (100%) a set of
four fillers used in plywood manufacture.® Thus, this way of
LCH valorization is very attractive from a practical point of view.

4. Outlook

Herein we present a general overview of the AqSO process in
light of an advanced integrated biorefinery and discussed
various scenarios for best utilization of the entire biomass as
well as pros and cons of this biorefinery approach (Fig. 11).
The AgSO biorefinery provides three major streams, namely
hydrolysate (mainly hemicellulose-derived products), solvent-
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control PF resin and indulin-PF blend by ABES test; non-extracted HTT
solids produced at P = 2000 were used as LCH.

extracted lignin/LCC (AEL) and cellulose-rich fiber (lignocellulose).
Additional streams are possible under more advanced scenarios,
e.g.,, adding enzymatic hydrolysis/modification to the overall
process. Although the process can provide rather efficient fraction-
ation of wood components producing high purity products, it is
of higher interest to explore the use of ligno-carbohydrate hybrids
(LCH), such as cellolignins and lignocelluloses (Fig. 11) in high-
value applications where they have better performance than pure
lignin and carbohydrates.? For example, a proof of concept for the
use of AqSO LCH in replacing PF wood adhesives was demon-
strated in this work. The unnecessity of deep fractionation of the
wood components would also simplify the process and reduce its
production costs. Furthermore, this option gives us a greater
degree of freedom in product engineering.

6652 | Green Chem., 2022, 24, 6639-6656

In addition to cellolignins and lignocelluloses, our studies
showed the possibility to produce LCC-type precursors as a
new valuable process stream. This finding is of great impor-
tance as, despite the great interest in potential LCC appli-
cations, there is almost no process to manufacture industrially
relevant LCC precursors at high yields yet; our discovery
creates this opportunity. The produced LCCs possess special
characteristics (e.g., higher share of lignin content, short
carbohydrate chains) that should allow this LCC type to find
an optimal niche in the application roadmap. One of them is
LCCNP production, for the first time, directly from the process
stream and their application in specialty products, such as
Pickering emulsion stabilizers that enable free radical
polymerization reactions.

The hydrolysate can be traditionally used for sugars/
bioethanol or/and preferably further fractionated to isolate
specific useful products, such as oligosaccharides,” lignin
and LCC or used as is for high-value applications, e.g. surfac-
tants.®® These possibilities have been already described in the
literature and therefore were not studied for the AqSO process
yet.

Lignocellulose (e.g., extracted solids with a low lignin
content) has the potential to be a suitable precursor for Ioncell
textile fiber production® based on earlier studies with
unbleached Kraft pulps.®*®® Further optimization of the pro-
perties of the solids to the application requirements is likely
possible by manipulating the process variables. On the other
hand, solids with a higher lignin content should be suitable
for Toncell CF production.>®® Importantly, a high concen-
tration of LCC linkages expected in the substrate can be criti-
cal (i). to avoid phase separation between cellulose and lignin

This journal is © The Royal Society of Chemistry 2022
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and (ii). to prevent lignin leaching in the coagulation bath and
thus facilitate the recovery of ionic liquid used in the Ioncell
process. In addition, lignocelluloses can be used for the pro-
duction of lignin-containing LCNF/LCNC>'®** or/and pro-
cessed through supercritical water hydrolysis biorefinery,
pulping and/or bleaching.

In addition to new value chains, the AqSO biorefinery can
be easily incorporated into the current biorefinery scenarios as
an added-value stream. Analysis of literature data allows speci-
fying the following optimal severity ranges in different HTT
current scenarios

1. Prehydrolysis for paper grade pulp: P < 500 (ref. 87)

2. Prehydrolysis for dissolving grade pulps: P = 500-1000
(ref. 10)

3. Pretreatment for the enzymatic hydrolysis of cellulose to
glucose: P> 1000 (P 2500 optimal).?®%°

Based on the literature reports and our results, two appar-
ent optimal ranges can be suggested for the AqSO biorefinery
(Fig. 11):

+ A low severity process (P-factor of 400-800), at a low L/S
ratio would be optimal for LCC engineering in the AEL stream
and, likely, for the extraction of oligomeric hemicelluloses
(hydrolysate stream).”® The extracted solids could be further
used for dissolved grade pulp production and even for paper
grade pulps (at a low HTT severity), providing these traditional
pulping processes with additional revenue stream(s) without
any significant modifications required. Alternatively, the HTT
solids (extracted or not) can be used for Ioncell CF
production.?

+ A high severity process (P-factor of around 2000) seems
optimal for the production of high yield pure lignins and cellu-
losic fibers with low lignin and xylan contents. The hydrolysate
can be used for furfural and acetic acid production and for

This journal is © The Royal Society of Chemistry 2022

humin valorization®°®%¢”

(along with dissolved lignin). As the
lignin content in the residual extracted solids is very low, the
solids can be directly used for Ioncell textile fibers® or further
delignified (e.g., with the current oxygen process) and/or
bleached to fit the specifications for current cellulosic pro-
ducts. Importantly, the expensive pulping process can be thus
omitted.

Enzymatic hydrolysis or/and different types of enzymatic
modifications of the solids can also be used to optimize the
produced LCHs (e.g., their lignin: cellulose ratio, lignin and
cellulose characteristics optimal for CFs, PF resins etc.) and
to produce glucose as a co-product. It is important to high-
light that, in contrast to the traditional biorefinery, the appli-
cation of enzymes will be focused on the LCH engineering
rather than on the glucose yield. Thus, a high variety of
process scenarios by flexible combinations of different
process elements (not limited to the examples above) allows
for considering the suggested approach as rather universal
(i.e., Omni).

As our goal is to use the AqSO biorefinery streams as pre-
cursors for high-value applications, the possibility of their
optimization for specific applications is very important. These
studies showed that the AqSO biorefinery allows for a wide
range of structure and property characteristics giving a large
amount of room for product engineering per required charac-
teristics. Therefore, it can provide LCH precursors for a wide
variety of applications: from lignin-based carbons or carbon
fibers to lignin containing thermoplastic blends, colloids and
surfactants by simply tuning the process conditions without
any additional input of chemicals or additives. Such properties
as T, and MWD can be further tuned by post-processing, e.g.,
solvent fractionation.>*' Moreover, the fractionation can be
coupled with reactive extraction of different types to increase

Green Chem., 2022, 24, 6639-6656 | 6653
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the lignin performance by introduction of favorable function-
alities, such as alkyl or acyl groups.”® This high flexibility of
the AqSO process is a big advantage over the current industrial
processes (e.g., Kraft pulping) that have very limited room for
process variation and therefore for product engineering.

The AqSO biorefinery has some specific process-related
advantages. The process is free from toxic chemicals and
therefore is green by definition. A variety of different solvent
mixtures to extract lignin/LCC can be used. For example, our
preliminary experiments showed that ethanol could be used
for lignin/LCC extraction; the yield of the LCC extracted with
70% ethanol from the solids produced at P = 500 was only
slightly lower (ca. 20%, relative) than that of AEL and the LCC
content was about the same. Thus, from a practical point of
view, there would be no need for an external solvent as ethanol
is a typical biorefinery product. Alternatively, diluted (e.g., 1%)
NaOH can be used for LCC/lignin extraction; this can be easily
incorporated into the existing Kraft mill process.

The extraction of AELs from HTT solids under ambient con-
ditions is very easy in strict contrast to other biorefinery
lignins where solid/liquid separation (e.g, by filtration) is very
challenging. The easy processibility should also minimize the
amount of solvent needed, e.g., via countercurrent extraction
in a column. Alternatively, as low lignin/LCC concentration is
needed for LCCNP production**®* and the extraction solution
is used directly, a larger amount of solvent would not be a
problem and might be helpful in AEL extraction. The low L/S
ratio in the HTT stage results in much lower energy require-
ments for HTT heating, distillation to recover hydrolysate pro-
ducts, etc. than the traditional HTT processes.

It is important to mention that, in spite of the use of an
organic solvent, the AqSO process is very different from the
common organosolv pulping, both from fundamental and
engineering points of view. In the AqSO biorefinery all chemi-
cal reactions occur during HTT, i.e., in the absence of organic
solvents, which are used for lignin dissolution after the
process without any chemical modification. From the practical
point of view, the absence of solvent in the reactor (at high
temperature and pressure) mitigates many problems of orga-
nosolv delignification associated with the use of high amounts
of solvent required for successful pulping,’* high pressure,
flammability, etc.

AgSO biorefinery should have a rather different niche vs.
various organosolv and new advanced “lignin-first” biorefinery
processes.' %% The latter is designed to provide lignins suit-
able for aromatic monomer production via lignin decompo-
sition and has a clear advantage in this area. However, the
AqSO biorefinery is much simpler (and therefore cheaper)
than the OS and “lignin-first” processes. Therefore, the appli-
cation of its products in replacement of commodity petro-
chemicals of high market sizes would be more economically
feasible, while OS and “lignin-first” biorefinery products
should be used in specialty applications. Thus, these biorefin-
ery approaches complement each other in expanding the area
of sustainable biomass-derived products rather than compet-
ing for the same market.
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5. Conclusions

A green, simple, and flexible biorefinery process for integrated
utilization of all biomass components in high-value appli-
cations has been suggested. It consists of a modified HTT
treatment of wood biomass followed by solvent extraction of
LCC from the resulting solids under ambient conditions and
therefore named AquaSolve Omni (AqSO) Biorefinery.
Although the process allows for the production of high purity
lignins in high yields, ligno-carbohydrate hybrids (LCH) are of
specific interest. In particular, the AqSO biorefinery produces,
under specific conditions (moderate severity, low L/S ratio),
LCCs of different types in high yields as a very valuable
process stream. Thus, the AqSO biorefinery allows for the frac-
tionation of biomass into 3 process streams: hemicellulose-
derived products in the hydrolysate, solvent extracted LCCs
and cellulose-rich solids.

First examples of high-value applications of AqSO products
were reported. LCC nanoparticles were produced for the first
time directly from the solvent extract. The LCCNPs had unique
properties and showed good application potential, e.g., in
stabilization of THFMA-Pickering emulsions for the corres-
ponding polymer production. In addition, AqSO LCHs showed
promising results in the direct replacement of PF resins used
in wood adhesives. The cellulose-rich solids with low lignin
content (<7%) can be a good precursor for Ioncell textile fiber
production.

The high flexibility of the process enables engineering of
the resulting products in a wide range of chemical compo-
sitions, structures and properties and therefore allows a large
space to optimize the products for specific high-value
applications.
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