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Bark is one of the main wastes of the chemical and mechanical processing of Eucalyptus globulus wood. The
proposed biochemical processing of bark via saccharification pathway involves steam explosion (SE) pretreat-
ment (severity factor log R of 4.22) followed by enzymatic hydrolysis using an enzymatic cocktail composed of
cellulolytic and xylanolytic enzymes. Almost 70% cellulose saccharification was achieved. The remaining cel-

Ligni
ClengliTose lolignin residue (CLEZ) was analysed for its chemical composition and structural features by conventional wet
Tannins chemistry methods and a series of spectroscopic tools (FTIR-ATR, solid-state CP/MAS *3C NMR spectroscopy and

wide-angle X-ray scattering (WAXS)). The main CLEZ component (about 51%) is acid-insoluble lignin, the
chemical composition of which in terms of the ratio of syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) units
(70:28:2) is very close to that in the initial bark. This lignin is highly condensed and structurally associated with
condensed tannins, which makes CLEZ recalcitrant to delignification by common methods. About one third of
cellulose in eucalyptus bark after SE was inaccessible to enzymatic hydrolysis and remained in the CLEZ. This
cellulose, structurally similar to microcrystalline cellulose, is imbedded into the lignin-tannins condensed matrix
and extremely difficult to purify. In contrast to cellulose, bark hemicelluloses were effectively removed in
enzymatic hydrolysis, with only small amounts (<2%) remaining in CLEZ. Among other CLEZ ingredients,
proteins and inorganic/organic salts were the most abundant. The latter includes noticeable amounts of calcium
oxalate phytoliths (up to 9%), Fe and Si salts. The eventual application areas of CLEZ are discussed.

1. Introduction industries and agro- and forestry residues towards applications for en-
ergy and materials production has become an urgent research topic.
Nowadays, Eucalyptus globulus is the major source of plantation wood

to produce hardwood bleached kraft pulp in South Europe, South

The continued depletion of limited fossil resources and their adverse
effects on the environment highlights the need to reduce dependence on

them. Furthermore, due to the continuous growth of world population
and, consequently, increasing energy demand as well as threat of global
warming, the biorefinery and circular economy concepts have become
imperative in the industrial sector. In the last years, sustainable energy
has been on the rise by taking advantage of local agro-industrial resi-
dues, such as forestry and agricultural wastes, and by-products of the
wood processing industries providing reliable, environmentally
friendly, and cost-efficient energy compared with the fossil-based
counterpart (Ibitoye et al., 2021; Lisbona et al., 2023). Yet, with the
goal of reducing waste-streams and promoting by-products re-circula-
tion into the value chain, the valorisation of the wood processing
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America and Africa, due to contributing factors such as fast-growing,
easy adaptability to different types of soil and climate conditions, and
the high-quality of the ensuing pulp and paper products (Neiva et al.,
2015). In Portugal, the consumption of eucalypt wood for pulp pro-
duction has been increasing in the last years, with an increment of 3.8%
in 2021 compared with 2020, which is equivalent to 8.068 Mm? of wood
free of bark (Biond, 2021). Considering that Eucalyptus globulus com-
prises a bark average volume of 13-18% of the total trunk volume
(Miranda et al., 2012, 2015), the amount of bark generated from the
pulp and paper industry is such that its valorisation is of great interest.
Currently, wood bark is mainly burned for energy production in pulp
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mills, or as compost for horticulture uses (Feng et al., 2013). Still, new
valorisation routes for bark have been investigated based on its chemical
composition and more profitable applications. For instance, some
studies have focused on the valorisation of eucalypt bark through
liquefaction to produce polyurethane foams (Vale et al., 2019). Eucalypt
bark is mostly composed of polysaccharides (ca. 60-65% of cellulose
and hemicelluloses), lignin (ca. 16-20%), extractives (ca. 8-12%),
hydrolysable and condensed tannins (ca. 10-15%) and ash (ca. 10-15%)
(Fernandes et al., 2022; Neiva et al., 2018). In general, eucalypt bark
composition approaches that of wood although comprising much higher
amounts of extractives, tannins and ash, but lower content of poly-
saccharides and lignin (Miranda et al., 2012; Miranda and Quilhd, 2018;
Neiva et al., 2018). Eucalypt bark is particularly rich in polyphenolic
compounds, flavonoids and tannins (Kim et al., 2001; Lima et al, 2018;
Santos et al., 2012), which exhibit interesting antioxidant properties.
However, the inter-penetrable component matrices and their complex
chemical structure in the bark explains its recalcitrance to conversion
compared with other non-woody biomasses (Zhu and Pan, 2010).
Therefore, biomass pretreatment is required to breakdown the bark
structure and mitigate its intrinsic recalcitrance making easier the
release of compounds such as fermentable monosaccharides for biofuels
(Jacquet et al., 2015).

Among the different biomass pretreatment processes to improve its
accessibility to enzymatic hydrolysis, steam explosion (SE) draws special
attention (Chen et al., 2017; Zhang et al., 2023a). In particular, SE has
been proved to be an efficient, environmental-friendly and industrially
scalable process for the deconstruction of lignocellulosic biomass fol-
lowed by its conversion by enzymatic hydrolysis to fermentable sugars
for ethanol production (Fernandes et al., 2015; Foody, 1984; Gao et al.,
2021; Mason, 1926; Sarker et al., 2021; Wang et al., 2021; Wyman,
1994). In SE treatment, biomass is rapidly heated using high-pressure
saturated steam, generally in the temperature range between 160 °C
and 260 °C, for a relatively short period of time, ranging from 5 to 30
min, followed by an abrupt depressurization (Tanahashi, 1990; Sarker
et al., 2021). During steam pretreatment, partial depolymerization of
hemicelluloses and lignin occurs following homolytic and heterolytic
pathways (Jacquet et al., 2015; Nader et al., 2022; Sarker et al., 2021).
Then, upon sudden depressurization, a rupture of the fibre’s cell wall
occurs, leading to extensive disaggregation of its tissues and an enor-
mous increase in accessible surface area. Partial rupture of cellulose fi-
brils in explosive decompression leads to the breakdown of cellulose
chains on their surface, which is important for initiating and completing
the fermentative hydrolysis of cellulose (Zhang et al., 2023b). A large
part of hemicelluloses is converted into soluble sugars or oligosaccha-
rides and a part of lignin becomes soluble in polar organic solvents
(Asada et al., 2018; Chadni et al., 2019). In addition to depolymeriza-
tion, lignin is susceptible to condensation reactions and, when melted
and deposited on the surface of the cellulose fibril, it contributes to the
recalcitrance of the final cellolignin residue. Similarly to other biomass
sources, eucalypt bark can be SE-processed, and the resulting decon-
structed residue subjected to enzymatic hydrolysis (EH) to produce
fermentable sugars. In the processing of eucalyptus bark via SE, as well
as other sources of plant biomass, hemicelluloses are the most vulner-
able counterpart to be degraded and removed. Removal of hemicellulose
(mainly xylan) can be promoted by combining SE with alkaline treat-
ments (Nader et al., 2022). The residue after bark processing via com-
bined SE/EH treatments is a cellolignin constituted by partially
degraded lignin with embedded cellulose inaccessible to the enzymatic
attack. This is a new by-product material that is going to be the bottle-
neck in the processual chain for the production of biofuels and renew-
able materials or chemical feedstocks and needs urgent utilization
solutions (Chen et al., 2017; Jacquet et al., 2015).

In the present study, we examined for the first time the solid ligno-
cellulosic residue of eucalyptus bark remaining from the SE treatment
followed by EH and sugar removal. This allows to outline ways for its
further utilization to obtain products with increased added value. The
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chemical composition and structural features of this new waste material
was studied by conventional wet chemistry methods and spectroscopic
tools (Fourier transform infrared (FTIR) and solid-state cross-polariza-
tion/magic-angle-spinning carbon nuclear magnetic resonance (CP/
MAS 13C NMR) spectroscopy and wide-angle X-ray scattering (WAXS)).
This allowed to infer some possible routes for this by-product utilization.

2. Materials and methods
2.1. Materials

Eucalyptus globulus bark was supplied by RAIZ — Forest and Paper
Research Institute (Eixo, Portugal) and collected from The Navigator
Company pulp mill (Cacia, Portugal). The eucalypt bark was homoge-
nized in a defined lot and stored in plastic containers at room temper-
ature. Each lot was chemically characterized to determine the exact
polysaccharides’ content for further use.

Commercial cellulolytic enzyme cocktail Cellic® CTec3 HS, a highly
efficient cellulase and hemicellulase complex, was kindly supplied by
Novozymes (Bagsvaerd, Denmark) and used for the enzymatic hydro-
lysis of the steam exploded eucalypt bark. All solvents and other re-
agents were of analytical grade and were purchased from either Acros
Organics Chem. Comp. (Lisbon, Portugal) or Sigma-Aldrich Chem.
Comp. (Madrid, Spain).

2.2. Methods

2.2.1. Cellolignin residue

Eucalyptus globulus bark was submitted to a steam explosion (SE)
pretreatment to deconstruct feedstock for the further enzymatic hy-
drolysis (EH) to release fermentable monosaccharides (Scheme 1). This
pretreatment consisted in a non-catalyzed steam explosion step initially
developed by the STEX® Company (Aveiro, Portugal) in partnership
with the National Laboratory of Energy and Geology (LNEG, Lisbon,
Portugal). This SE treatment was carried out in a 320 L pilot reactor
coupled to a 4000 L blow tank where pretreated biomass is discharged.
After a two-step pretreatment at 205 °C (17.5 bar) for 10 and 3 min, each
stage being followed by sudden depressurization of the reactor causing
its discharge (total severity factor log Rg of 4.22), the remaining solid
fraction (ca. 85% of pre-treated biomass) was washed with water at
room temperature and then directly used for the enzymatic hydrolysis.
Eucalyptus bark hydrolysate was obtained after 48 h enzymatic
saccharification at 50 °C of the pretreated solid residue at an initial 175
gL! solids concentration (oven-dried, o.d., basis), by applying Cellic®
CTec3 HS at an enzymatic load of 3% (w/w o.d. solids). This suspension
was incubated in a 600 L stirred tank reactor, and the resulting hydro-
lysate was centrifuged (12000 xg, 15 min, 4 °C) to remove the unreacted
solids. The sugars yield was ca. 69% for glucan and ca. 79% for xylan
based on their initial content in bark. The unreacted residue, cellolignin
residue (CLEZ), was exhaustively washed with water and dried at 40 °C
in a ventilated oven to ca. 5% humidity.

2.2.2. Chemical analysis

Ash content in CLEZ and CLEZ-derived materials was determined
gravimetrically by calcination at 525 + 25 °C according to Tappi stan-
dard T 211 om-12. The content and elemental composition of CLEZ’s
ashes was determined by ICP-MS using a Thermo X Series analyser
(Thermo Scientific, Waltham, MA, USA). Elemental analysis was per-
formed to determine the amount of carbon, hydrogen and nitrogen using
a LECO CHNS-932 elemental analyser (LECO Corporation, Madrid,
Spain). All calculations were made based on solid matter dry weights.

The extractives in n-hexane and in acetone were determined by
extraction at room temperature for 24 h using liquid-to-solid ratio 100
under vigorous agitation. The extractives in 2% (w/w) of NaOH aqueous
solution were determined after CLEZ treatment for 3 h at room tem-
perature under vigorous agitation (liquid-to-solid ratio 100). The
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Scheme 1. Flowsheet for the eucalyptus bark processing. Cellolignin (CLEZ) res

residue after the alkaline extraction was washed with distilled water and
dried to constant weight at 105 °C. The dissolved matter was calculated
as difference between the initial CLEZ weight (oven dried, o.d.) and the
sample weight (o0.d.) after the extraction. The cellulose was determined
according to the Kiirschner and Hoffer method, by 4 consecutive treat-
ments of CLEZ with HNO3:EtOH mixture (1:4, v/v) under reflux for 1 h
each (Browning, 1967). The lignin content in CLEZ was determined by
Klason method with 72% H5SO4 (according to Tappi T 204 om-88). The
neutral sugars were analyzed according to previously published pro-
cedure, by GC as alditol acetates (Selvendran et al., 1979). The condi-
tions of GC analysis were the same as described previously (Magina
et al., 2022).

2.2.3. Image analysis.

Scanning electron microscope (SEM) images of CLEZ grinded powder
was acquired using a Hitachi S-4100 microscope and an acceleration
voltage of 1.0 kV was applied. (Tokyo, Japan). The powdered sample
was placed on the carbon tape surface and the excess was blown. Prior to
SEM analysis, the sample was gold-coated.

2.2.4. Protein content
The total protein content was calculated from the elemental analysis
(Truong et al., 2013), according to Eq. 1:

N content (%)= (N%—0.1) x 6.25 (€8]

Where %N is the N content from elemental analysis and 0.1 is the device
error.

2.2.5. Fourler transform infrared spectroscopy (FTIR)

Infrared (FTIR-ATR) spectra of CLEZ, lignin and cellulose products
were recorded using a FTIR System Spectrum BX (PerkinElmer, Massa-
chusetts, USA), coupled with a universal attenuated total reflection
(ATR) sampling accessory, in absorbance mode from 4000 to 500 cm™
with a 4 cm™ resolution. Samples were analysed as powders, 128 scans
were averaged, and all spectra were baseline corrected and normalized
(using the min-max normalization technique (Gautam et al., 2015)) for
further analysis.

2.2.6. Analytic pyrolysis

Analytical pyrolysis (Py-GC/MS) was performed as follow: wood
samples were extracted in Soxhlet apparatus sequentially with
dichloromethane, ethanol, and water for 8 h each. CLEZ sample was
extracted by n-hexane. Then, around 0.10 mg of extractives-free sample
was weighted and analysed by analytical pyrolysis apparatus (Py)
coupled to a gas chromatograph Agilent 7890B (Santa Clara, USA) and
mass detector Agilent 5977B (Santa Clara, USA). The sample was py-
rolyzed at 550 °C (for 1 min) in a platinum coil Pyroprobe connected to
a CDS 5150 valved interface linked to the GC-MS and having installed a
fused-silica capillary column (ZB-1701: 60 m x 0.25 mm i.d. x 0.25 um
film thickness). The chromatographic conditions used were as follows:
40 °C (held for 4 min), then increased to 100 °C at 20 OC-rnin’l, and then
to 270 °C at 6 °C'min! (held for 5 min). The temperature of the injector
was 270 °C, the MS interface was 280 °C, and applied electron ioniza-
tion energy of 70 eV. Helium was the carrier gas with a total flow of

1 mLmin™. The compounds were identified comparing their mass

idue was obtained after steam explosion followed by enzymatic hydrolysis.

spectra with databases (Wiley and NIST2014) and literature (Ralph and
Hatfield, 1991). Each identified compound was automatically calculated
based on its integrated area and the total area of the chromatogram.

2.2.7. Thermogravimetric analysis (TGA)

TGA of the samples was carried out using a Setsys Evolution 1750
TGA-DSC (Setaram, Caluire, France) thermogravimetric analyser
equipped with a DSC plate rod accessory and the thermal analysis
software Setsoft 2000. Samples were analysed from room temperature
up to 800 °C at a heating rate of 10 °C:min"! under nitrogen flow rate of
200 mL-min™ using an alumina crucible. A blank experiment (with
empty crucible) was carried out under the same conditions for each type
of experiments prior the experiments with samples, to subtract the
buoyancy effect. Temperature and heat flow calibrations were carried
out using the melting points of four standards (In, Pb, Al, and Au) at
three different heating rates (5, 10, and 15 °C-min ™).

2.2.8. Isolation of dioxane lignin

Lignin was isolated by acidolysis from CLEZ under nitrogen atmo-
sphere by the dioxane method adapted from a previously published
procedure (Evtuguin et al., 2001), with some adjustments, as follows:
CLEZ (10 g, based on a dry matter) was placed in a 1-L two-necked
rounded flask with a reflux condenser and a nitrogen inlet, and then
200 mL of a mixture of dioxane/water (9:1, v/v) containing 0.73 g of
hydrogen chloride (equivalent to 0.1 M solution) was added slowly. The
reaction mixture, under nitrogen flow, was heated using an electric
heating mantle equipped with an adjustable thermal regulator and
refluxed for a period of 45 min. Then, the mixture was allowed to cool
down to around 50 °C under nitrogen atmosphere. The liquid phase was
then decanted, and the solid residue was subjected to the next extraction
with 200 mL of fresh acidic dioxane/water solution for 45 min. This
extraction procedure was carried out twice more. The last (fourth)
extraction was carried out using the mixture of dioxane/water (9:1, v/v)
without the addition of hydrochloric acid. Each portion of extract was
concentrated separately using a rotary evaporator to reduce a volume
from 200 mL to around 40 mL. The obtained concentrates were com-
bined, and the lignin was precipitated by addition of the
lignin-containing dioxane solution into cold water (about 1500 mL). The
supernatant was removed, and the lignin-precipitated fraction was
centrifuged, washed with distilled water and vacuum-oven dried at 35
°C. The residue from the isolation of dioxane lignin was used for the
subsequent analysis of cellulose employing Kiirschner and Hoffer
method.

2.2.9. Solid state nuclear magnetic resonance (NMR) spectroscopy
Solid-state CP/MAS '3C NMR spectra were recorded using a Bruker
Avance III spectrometer (Bruker, Wissembourg, France) operating at
400 MHz and using a 4 mm zirconia rotor sealed with Kel-F™ caps. The
rotor’s spinning speed was 12 kHz, contact time 1 ms, ca. 7000 scans
with a 90° proton pulse were collected with a recovery delay of 2.5s.
About 9000 scans were collected. Glycine was used as an external
standard for the calibration of the chemical shift scale relative to tet-
ramethylsilane ((CH3)4Si), following the Hartman-Hahn matching pro-
cedure. The crystallinity index (Crl) of cellulose was determined by the
C4 peak separation method, i.e., by separating the C4 region of the
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cellulose spectrum to crystalline and amorphous peaks, and calculating
Crl by dividing the area of the crystalline peak (from 86 to 92 ppm,
Agg_og2) by the total area assigned to the C4 peak (from 80 to 92 ppm,
Ago_92) (Newman, 2004; Park et al., 2010), according to Eq. 2:

As6-92ppm
CHl, % = —“8omom @
Ags—92ppm + Ago—s6ppm

2.2.10. X-ray scattering analysis

Isolated cellulose samples were analysed by wide-angle X-ray
diffraction scattering (WAXS) as textured samples (pellet of ca. 1 mm
thickness and around 1.2 cm diameter of cellulose was pressed at
50 MPa) by in a Philipps X Pert MPD diffractometer using Cu-Ka source
(A = 0.154 nm) in the 26 range 2-40° and scanning step width of 0.02 °/
scan. The crystallinity index (CrI) of cellulose was determined according
to the Segal peak height method (Ahvenainen et al., 2016; Segal et al.,
1959), given by Eq. 3:

Loy — 1,
Cri — 200 = Lo 3)
Lo

where I is the intensity value of the 200 reflection peak and Iy, is the
intensity value at 26 = 19° respective to the maximum of amorphous
halo.

The average width of crystallite was determined in the 200-lattice
plane (D2go) using the Scherer equation (Eq. 4):

Dayy = —— @

where K is the shape factor (0.89 for cellulose), 4 is the X-ray wavelength
(0.154 nm), 0 is the diffraction angle at the maximum of 200 reflex and
is the width at half-peak-height of the 200 reflex (rad).

3. Results and discussion
3.1. Chemical composition of cellolignin residue

The results on the cellulose conversion upon saccharification of
steam-exploded eucalyptus bark were quite comparable to those previ-
ously reported for hardwoods and shrubs while employing similar
severity of SE treatment and comparable conditions of enzymatic hy-
drolysis by industrial cellulases (Table 1). This is due to a certain simi-
larity of these plant materials in terms of cellular morphology and the
chemical composition. In this sense, grasses having less recalcitrant
morphology and containing more easily removable lignin in the SE

Table 1
Results of cellulose saccharification after steam explosion/enzymatic hydrolysis
processing of plant biomass.

Plant log Enzymatic Converted Reference
material Ro* hydrolysis* * cellulose (%)
Aspen wood 4.25 24 h; 55 °C; pH 71 Horn and
4.6 Eijsink (2010)
Mixed 4.25 24 h; 55 °C; 67 Horn and
hardwoods pH4.6 Eijsink (2010)
Eucalyptus 4.22 48 h; 50 °C; pH 69 This study
bark 5.0
Cardoon 3.97 72 h; 50 °C; pH 68 Fernandes et al.
4.8 (2015)
Eel grass 3.06 72 h; 50 °C; pH 90 Viola et al.
5.0 (2008)
Elephant 3.20 72 h; 50 °C; pH 85 Montipo et al.
grass 4.8 (2020)

(T - 100)
* Severity factor Ry = tx e 14.75 | where t is a treatment duration (min)
and T is a treatment temperature (°C). * *Conditions of enzymatic hydrolysis
using industrial cellulases.
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treatment (Gao et al., 2021; Montipo et al., 2020) commonly demon-
strate easier processability with greater yield of cellulose-derived sugars
(Table 1).

The cellolignin residue (CLEZ) remaining after enzymatic hydrolysis
of eucalyptus bark processed by steam explosion represents a dark
powder, which looks like disrupted bark particles of various sizes and
shapes (Fig. 1). This feature is expectable due to the harsh conditions of
steam explosion process and is due to physical rupture of bark structure
via adiabatic expansion of water within bark tissues with autohydrolysis
of cell wall components (Tanahashi, 1990). The general chemical
composition of CLEZ was primary assessed using conventional wet
chemistry methods (Table 2). The lignin and cellulose appeared to be the
main constituents of CLEZ contributing ca. 51% and 17%, respectively.
Hence, the amount of lignin almost triplicate in CLEZ when compared
with that in the bark, which is commonly about 16-17% (Fernandes
et al., 2022). In opposite, the amount of cellulose in CLEZ was less than
half to that in the bark (40-41%). The content of hemicelluloses in CLEZ
was very low (Table 2), although their content in the initial bark (ca.
23%) is quite significant (Fernandes et al., 2022). These facts are
consistent with general purposes of the bark saccharification, which
presumes its structural disintegration by SE pre-treatment and extensive
hydrolysis of polysaccharides by enzymatic cocktail (mixture of cellu-
lase and xylanase). Some higher lignin content detected in CLEZ that
could be predicted by removal of hemicelluloses and cellulose from bark
can be assigned to concomitant tannins present in bark, which
contributed to the analysis of Klason lignin (Fernandes et al., 2022).

The ash content in CLEZ (Table 2) was comparable to the values
normally reported in eucalyptus bark (Fernandes et al., 2022; Neiva
et al., 2018) meaning that at least part of the inorganics were soluble in
water and removed during SE and enzymatic hydrolysis hydrolysis op-
erations. The ash composition revealed the major contribution of Ca, Fe
and Na salts followed by salts of K, Al, Mn and Mg (Table S1, Supple-
mentary data). Additionally, a noticeable amount of silica was also
detected. A major part of Ca might associated with the composition of
the calcium oxalate phytoliths (Quilhé et al., 1999) and the relatively
high amounts of Fe salts is a peculiarity of the chemical composition of
the E. globulus bark (Neiva et al., 2018).

The presence of proteins (about 5%) was suggested based on the
notable nitrogen content in CLEZ. Proteins are present in the initial bark
before treatment and may result from the glycoprotein counterpart of
cellulolytic enzymes eventually adsorbed on CLEZ (Horn and Eijsink,
2010). In fact, the relatively high protein content in the bark of
fast-growing eucalyptus species is explained by its important role in the
primary metabolism of the phloem (Budzinski et al., 2016).

The extractives of CLEZ were analysed using non-polar (n-hexane)
and polar (acetone) solvents to assess aliphatic non-oxygenated and

A

1.0kV 16.3mm x500 SE(M

Fig. 1. SEM image of CLEZ residue. Cellolignin particles containing inacces-
sible highly crystalline cellulose embedded in the lignin matrix.
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Table 2
Chemical composition of CLEZ.
Chemical components (% wt.) Content
Ash 12.8 £ 0.2
Extractives
In n-hexane 0.66 + 0.00
In acetone 11.7 £ 0.4
Insoluble lignin (Klason)* * 50.8 £ 0.4
Elementar analysis
C 46.5 £ 0,1
H 5.1+0.4
N 0.96 + 0.04
Proteins* 53+0.2
Cellulose (Kiirschner-Hoffer) 17.0 £ 0.5
Polysaccharide analysis 15.2+1.9
Rhamnan 0.08 + 0.02
Arabinan 0.05 £+ 0.01
Xylan 0.64 + 0.03
Mannan 0.32 £ 0.03
Galactan 0.08 + 0.01
Glucan 140+ 1.9

" calculated based on the nitrogen content. * *corrected for the ash and pro-
tein contaminants.

oxygenated extractive compounds, respectively. The amount of extrac-
tives soluble in hexane was moderate (about 0.7%) and similar to that
reported previously for extractives in non-polar solvents in eucalyptus
bark (Fernandes et al., 2022; Neiva et al., 2018). According to pre-
liminary analysis, the main constituents of these extractives were fatty
acids and sterols and their derivatives (data not presented). In contrast
to hexane extractives, the extractives in acetone were quite abundant,
almost 12%, and looked as a dark highly viscous product, not typical for
bark extractives. According to data on acetone extracts from different
sources of plant biomass processed by SE, they are normally largely
composed of low molecular weight lignin degradation products (Asada
etal., 2018; Hemmingson, 1987). These lignin degradation products can
have some practical value in the synthesis of lignin-based adhesives
(Asada et al., 2018). Among the identified acetone extractives compo-
nents, the most abundant were sugars derivatives and small amounts of
monomeric phenolics such as vanillin and syringaldehyde (data not
presented). The relatively low percentage of the identified products by
GC-MS analysis (less than 20%) may be explained by relatively high
proportion of non-volatile oligomeric lignin degradation products.

The significant amount of lignin and cellulose in CLEZ was confirmed
by FTIR spectroscopy (Fig. 2). Indeed, FTIR-ATR spectrum of CLEZ ex-
hibits characteristic bands of both lignin and polysaccharides confirm-
ing that removal of cellulose was incomplete. The strong band between
3030 and 3680 cm ™! is assigned to stretching of hydroxyl groups present
mainly in polysaccharides and, in smaller extent, in lignin (Agarwal and

-1108
1030

L o e e e e e e e B L e e o
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™?)

Fig. 2. FTIR-ATR spectrum of the cellulolignin solid residue, CLEZ.
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Atalla, 2010; Carrillo et al., 2018). The bands at 2918 and 2840 cm™! are
assigned to the stretching vibration of C-H of aliphatic methyl-
ene/methyl and methoxy groups, respectively. The characteristic lignin
bands were found at 1596, 1504 and 1425 cm™ assigned to aromatic
skeletal vibrations in S/G type of lignin, and the relatively intensive
band at 1452 cm™ related also to the C-H bond vibration in the
methoxyl group in lignin (Boeriu et al., 2004; Hergert, 1971). The strong
intensity bands at 1108 and 1030 cm™! are characteristic of C-OC and
C-OH deformations, respectively, in lignin and polysaccharides (Fig. 2).
The prevalence of the band at 1030 cm™! and strong intensity band at ca.
3400 cm™! may be indicative for the presence of significant amount of
polysaccharides. This fact was additionally confirmed by the solid-state
13C NMR results of CLEZ (Fig. 3), which revealed characteristic reso-
nances from cellulose (Table 3). Thus, strong resonances from carbons
involved in glycosidic bonds (semiacetal C1 at 104.8 ppm and C4 in
crystalline and amorphous cellulose at 80-90 ppm) and carbons linked
to secondary alcohol groups (C2, C3), in the pyranose ring (C5) and to
primary hydroxyls (C6) were clearly identified (Fig. 3, Table 3).

The lignin aromatic carbon resonances of CLEZ were registered in the
solid-state '>C NMR spectrum range of 102-162 ppm (Fig. 3). The
relatively intensive resonance at 55.4 ppm, assigned to carbon atom in
methoxyl groups, indicated the eventual strong contribution of syringyl
structural units. This is confirmed by the strong resonance centred at
152.5 ppm, assigned to the C3 and C5 atoms in syringyl lignin units
(Table 3), which was, however, inferior to the resonance peak centred at
147.2 ppm, assigned to C3 in guaiacyl units (Fig. 3). However, this
group of quaternary oxygenated aromatic carbons at 143-148 ppm also
includes the C4 resonances of phenolic syringyl lignin units and tannins
(Table 3). Therefore, the lower intensity signal at 152.5 ppm that at
147.2 ppm does not mean at all the prevalence of guaiacyl over syringyl
units in CLEZ but instead indicates the strong depolymerization of lignin
fragments constituted by syringyl units. The strong resonances at
130-138 ppm are commonly assigned to C1 in lignin structural units
and to other quaternary aromatic carbons belonging to condensed
structures and tannins. The extensive lignin condensation during SE
processing of biomass has been extensively discussed (Fernandes et al.,
2015; Li et al., 2020; Obame et al., 2019; Tanahashi, 1990). The ther-
mochemical treatment can also result in lignin condensation with tan-
nins, especially under acidic conditions (Ping et al., 2011; Prozil et al.,
2014). The strong multiple resonances at 166-169 ppm (Fig. 3) were
assigned to the oxalic acid in CLEZ composition (Trouvé et al., 2023). In
fact, the significant amounts of poorly soluble calcium oxalates present
in the bark from eucalyptus species (Quilho et al., 1999) and their
appearance in the bark residue after SE and enzymatic hydrolysis is not
surprising. If assuming all calcium salts as calcium oxalates and
considering the Ca content in CLEZ (Table S1, Supplementary data), the
total calcium oxalate content in CLEZ can be estimated at ca. 9% (w/w).
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Fig. 3. Solid-state '3C CP-MAS NMR spectrum of CLEZ. The assigned carbon
atoms C1-C6 are from cellulose and methoxyl carbon from lignin.
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Table 3
Assignments of carbon signals in solid-state CP-MAS '3C NMR spectrum of CLEZ
(Gao et al., 2015; Gilardi et al., 1995; Hawkes et al., 1993; Rachocki et al., 2008).

Chemical shift (ppm) Assignment

15-35 Extractives

52 - 60 OCHj; groups in lignin

63 — 66 C6 in cellulose, C5 in hemicellulose (xylan)

70 -85 B-O-4"in G and S units (Ca and Cp) in lignin

70 - 80 C2, C3 e C5 in cellulose and hemicelluloses;

80 -90 C4 in cellulose/hemicellulose; Cp in p-O-4 lignin structures
102 - 110 C2 and C6 in S units

105 C1 in cellulose

110-125 C2, C5 and C6 in G units

125-137 Quaternary C in condensed lignin

133-138 C1 in G and S lignin units

145 - 148 C3 and C4 in phenolic/non-phenolic G and S units
152 - 153 C3 and C5 in non-phenolic S units

166-170 Carbons in oxalic acid

Such significant amounts of oxalic acid may be interesting from the
point of view of its practical use.

The referred peculiarities in chemical composition of CLEZ facilitates
the better understanding of the thermal behaviour of this residue under
nitrogen atmosphere (Fig. 4). Considering that the weight loss of sample
at 50-100 °C is due to adsorbed water, the maximum weight loss at ca.
145 and 186°C can be assigned to the loss of water molecules in crystal
hydrates of different organic/inorganic salts. Thus, calcium oxalate
monohydrate looses water at exactly 145-150 °C (Trouvé et al., 2023).
The main weight loss (ca. 40%) occurs in the temperature range of
300-400 °C with maximum rate at 358 °C assigned to thermal decom-
position of lignin and cellulose with release of volatile degradation
products. The second maximum at about 500 °C corresponds to the
structural arrangements associated with char formation (charring)
(Brebu and Vasile, 2010). The maximum weight loss at 629 °C is
attributed to structural changes in the char that lead to its structural
densification. Noteworthy is the fact that in the same temperature range
the thermal degradation of inorganic salts also takes place. For example,
the thermal degradation of calcium oxalate led to calcium carbonate
formation, which is in turn decarbonized into lime between 600 and
700 °C (Trouvé et al., 2023).

3.2. Structural features of lignin in CLEZ

Attempts to isolate representative lignin from CLEZ by acetone
extraction with the yield of 11.7% (Table 2) or by common acidolytic
technique using dioxane:water solution (9:1, v/v, 0.2 M HCI) with the
yield of 15.3% (wt.) can only be considered partially successful. The
extraction with 2% NaOH solution afforded a better result (yield of ca.
22%), but with strong contamination with ash. Such unusual recalci-
trance of lignin counterpart in CLEZ apparently comes from its inac-
cessibility related also with structural association with other degraded
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Fig. 4. TGA and DTG curves of CLEZ under inert atmosphere (N5).
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bark counterparts. This is in agreement with a previous work that re-
ported the significant deterioration of soda cooking of SE processed
eucalyptus bark (Nader et al., 2022).

The FTIR-ATR spectra of acetone extract (AEX) and dioxane lignin
(DLEZ) were similar and showed characteristic bands as discussed pre-
viously for parent CLEZ (Fig. 5). However, AEX and DLEZ contained
relatively sharp bands centred at ca. 1690-1700 cm™, which can be
assigned to conjugated carbonyl groups. This band is commonly re-
ported for degraded lignins obtained in acidolytic procedures being
assigned to Hibbert ketones (Evtuguin et al., 2001). Hibbert ketones
arise in SE treatment of biomass and their detection serves as evidence of
acidolytic mechanisms involved in lignin degradation (Obame et al.,
2019). Both AEX and DLEZ revealed the bands at 1322 and 1214 cm™!
assigned to syringyl and guaiacyl ring breathing vibrations, respectively,
thus clearly confirming the S/G type of isolated lignins (Agarwal and
Atalla, 2010; Hergert, 1971). The lower intensity of bands at ca
3360 cm™ (O-H stretching in hydroxyls) and 1022 cm™! (C-OH
stretching in alcohols) in AEX than in DLEZ indicates less contamination
with carbohydrates of the former. This is understandable taking into
consideration the purification step involved in DLEZ isolation.

The basic composition and structural features of lignin in CLEZ were
assessed using isolated acid insoluble lignin (Klason lignin). Although
Klason lignin does not reflect the exact structure of the lignin in CLEZ, it
still reflects its main structural composition and the presence of non-
lignin concomitants. This lignin contained a small proportion of ex-
tractives in hexane (ca. 0.7%), ash (ca. 0.8%) and proteins (ca. 3.8%)
(Table 4). The structural analysis of Klason lignin from CLEZ was carried
out by solid-state 13C NMR spectroscopy (Fig. 6), which showed typical
lignin resonances (Table 3) and the absence of signals from poly-
saccharides (cellulose and xylan) and oxalates, as opposed to the spec-
trum of CLEZ (Fig. 3), thus confirming the entirety of polysaccharide
hydrolysis and removal of oxalate phytoliths upon determination of the
acid insoluble lignin. Particular attention should be given to the unusual
strong group of resonances at 10-40, 120-130 and 140-145 ppm
(Fig. 6). The intensity of these resonances is commonly quite low in
lignin and indicates possible lignin concomitants. Strong resonances at
10-40 ppm cannot be assigned exclusively to extractives with aliphatic
chains, because the determined amount of extractives in Klason lignin
was relatively low (Table 4). Previously, the unusually strong reso-
nances centred at ca. 30 ppm in Klason lignin from grape stalks were
assigned to methylene moieties in catechin and gallocatechin structural
units of condensed tannins structurally associated to lignin (Prozil et al.,
2012). The resonances at 120-130 and 140-145 ppm are other char-
acteristic resonance groups from condensed tannins assigned to
respective aromatic tertiary and quaternary oxygenated carbons. The
strong condensation of isolated Klason lignin is also evidenced from
strong resonances at 130-140 ppm (Fig. 6) assigned to quaternary

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™?)

Fig. 5. FTIR-ATR spectra of acetone extract (AEX, lower spectrum), and
dioxane lignin (DLEZ, upper spectrum) isolated from CLEZ.
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Table 4
Chemical analysis of Klason lignin isolated from CLEZ.
Chemical composition (%, wt.) Content
Klason lignin 56.0 +£ 0.4
Ash 0.80 + 0.02
Extractives (n-hexane) 0.66 + 0.00
Proteins* 3.77 £ 0.05
Klason lignin — corrected value 50.8 + 0.4

" calculated based on the nitrogen content in the sample.

220 200 180 160 140 120 100 80 60 40 20 0
(ppm)

Fig. 6. CP-MAS '>C NMR spectrum of Klason lignin from CLEZ.

non-oxygenated aromatic carbons (Table 3). However, this condensa-
tion could occur both during SE and during the determination of
acid-insoluble (Klason) lignin.

The eventual structural association of lignin in CLEZ with condensed
tannins can explain the detected recalcitrance of lignin isolation from
CLEZ. Previously, similar features were reported for the lignin in grape
stalks material, which showed extremely high resistance to delignifica-
tion either under acid-catalysed organosolv (Ping et al., 2011) or kraft
delignification (Prozil et al., 2012) due to the strong condensation with
concomitant condensed tannins. Hence, isolation of lignin from SLEZ
requires advanced approaches capable of effectively degrading the
condensed lignin network (e.g., appropriate oxidative methods).

The structural composition of lignin in CLEZ was assessed using
analytic pyrolysis (Py-GC/MS). The detailed results on the identification
of CLEZ pyrolysis products are presented in Table S2 (Supplementary
data). The summarized data (Table 5) indicate that the molar ratio be-
tween the S, G and H lignin structural units was 70:28:2, just very close
to the same proportions previously reported for eucalyptus bark
(72:26:2) by Gominho et al. (2021). Special attention should be given to
the detection of volatile pyrolysis products such as catechol and orcinol,
which are almost absent in the (Py-GC/MS) analysis of different euca-
lyptus species (Table S2, Supplementary data). These pyrolysis products
are normally assigned to condensed tannins in biomass sources (Galletti
and Reeves, 1992) thus confirming their significant contribution to
CLEZ.

Table 5
Quantification of the pyrolysis analysis from eucalypts bark (extractives-free)
and CLEZ.

Detected products Eucalyptus bark* CLEZ
Total carbohydrate degradation products (%) 46.5 27.3
Total lignin degradation products (%) 27.4 55.1
Other lignin derivatives (%) - 2.3
S:G:H ratio 72:26:2 70:28:2

“ As reported by Gominho et al. (2021). S, G and H designate syringyl,
guaiacyl and p-hydroxyphenyl units, respectively.
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3.3. Structural features of cellulose in CLEZ

The cellulose in CLEZ was isolated by the Kiirschner-Hoffer method
from the residue obtained after the isolation of the dioxane lignin. The
yield was of 17.0% based on the weight of initial CLEZ involved in the
analysis. However, the isolated cellulose still had some brownish colour
(Fig. 7a) most likely due to the presence of chromophores from residual
lignin and degraded tannins. Therefore, this cellulose was submitted to a
bleaching process with peracetic acid (90 °C; 10 min) resulting into a
brighter material (Fig. 7b) with 16.4% yield (based on the CLEZ). This
cellulose residue was composed almost completely by glucan with only
small contamination of polyoses based on the sugars analysis. Thus,
CLEZ cellulose isolation is associated with the need for several purifi-
cation steps with the aim of completely removing residual lignin. This
bleached cellulose was used for further analysis.

The analysis of cellulose isolated from CLEZ by solid-state 13C NMR
revealed typical spectral patterns of cellulose I polymorph containing
both cellulose I, and I; phases (Fig. 8). Thus, clearly distinguishable
signals at 104 and 105 ppm are assigned to anomeric carbon (C1) in
monoclinic (I5) and triclinic (I,) cell units (Atalla and Vanderhart, 1999).
The ratio of signals centred at 88.6 ppm and at 84.0 ppm arisen mainly
from ordered and disordered cellulose regions, respectively (Atalla and
Vanderhart, 1999; Liitia et al., 2000), clearly indicative of the significant
content of crystalline phase of cellulose. The estimated CrI of 58% was
similar to that detected by the same methodology (57%) previously by
Park and co-workers (Park et al., 2010) for the microcrystalline cellulose
(MCQC).

More detailed structural information was obtained from cellulose
analysis by WAXS (Fig. 9). The X-ray diffractogram shows the typical
profile of cellulose I including the characteristic peaks with the maxima
at about 14.8°/16.2°, 22.7° and 34.6°corresponding to 1-10/110, 200
and 040 planes, respectively. The crystallinity index calculated from
WAXS diffractogram by Segal method was 87%, very close to the
respective value of 92% reported for the MCC (Park et al., 2010). The
average crystallite width (D2go) of cellulose obtained from CLEZ was
4.0 nm. This value is lower than the Dy reported for cellulose from
E. globulus wood (5.0-5.6 nm) (Lourenco et al., 2020; Rebuzzi and
Evtuguin, 2005). This fact can be explained, at least partially, by
changes occurred during SE and enzymatic hydrolysis. Thus, thermal
treatment at temperatures higher than 200 °C can lead to some
amorphization of fibril surfaces (Lourenco et al., 2020), which are
further readily attacked by cellulolytic enzymes that peels off the fibrils.
This fact of decreasing crystallite width may be important for applica-
tions where this factor is important.

4. Conclusions

The most abundant component of the cellolignin residue (CLEZ)
remaining after steam explosion (SE) followed by enzymatic hydrolysis
of Eucalyptus globulus bark was found to be highly condensed acid-
insoluble lignin (ca. 51% w/w) structurally associated with condensed
tannins. This is the main factor of recalcitrance in lignin isolation from
CLEZ. The molar ratio of S:G:H structural units in CLEZ lignin (70:28:2)
was close to that typically reported for bark lignin. The partially
degraded lignin in CLEZ reveals a greater amount of phenolic and ketone
structures, providing it with additional chelation capacity and potential
in modification reactions. A significant part of bark cellulose (almost one
third), embedded into highly condensed lignin matrix after SE, was
inaccessible to enzymatic hydrolysis and remained in CLEZ. This cellu-
lose possesses relatively high crystallinity similar to that reported for
microcrystalline cellulose (MCC). The crystallite cross dimension of the
residual cellulose in CLEZ was almost 20% inferior to that in wood. A
relatively high content of ash is a distinctive feature of CLEZ, the major
contribution being from Ca and Fe salts and silicates. The particularly
high abundance of Ca was attributed to the high content of poorly sol-
uble calcium oxalate phytoliths in the bark (up to 9%). The relatively
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(b)

Fig. 7. Cellulose isolated using the Kiirschner-Hoffer method (a), and cellulose after bleaching/delignification with peracetic acid (b).
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Fig. 8. Solid-state CP-MAS '*C NMR spectrum of cellulose from CLEZ with
assigned carbon atoms.
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Fig. 9. WAXS diffractogram of cellulose from CLEZ. The basic elementary cell
unit dimensions and lattice plans are shown in the upper right corner.

high content of proteins (up to 5%) is another peculiar feature of CLEZ.
The relatively low content of polyoses in CLEZ (1-2%) proves the
effectiveness of their conversion by SE processing combined with
enzymatic hydrolysis. Knowledge of the chemical composition and
general structural characteristics of CLEZ components provides the
fundamental basis for the search for new ways of using this by-product
that can be inferred but are not limited to bioremediation and bio-
composite materials, adhesives, nanostructured composites and

biochemicals. Crucial advances are expected in effectively fractionating
CLEZ into lignin and cellulose counterparts, studies of which are
ongoing.
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