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ry concept based on marginally
used halophyte biomass†
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Ulrika Rova,a Paul Christakopoulos a and Leonidas Matsakas *a

Halophytes have major potential in biorefinery as these salt tolerant crops have prospects as an alternative

biomass to meet energy demands and provide value-added products with reduced effects in terms of food

security and environmental damage when compared to other crops. In this study, we investigated the

effects of organosolv pretreatment process parameters on the fractionation of residual fibers from

pressed Salicornia ramosissima and how it affects the fractions of cellulose, lignin, and hemicelluloses.

Pretreated pulps contained as high as 48.95% w/w cellulose, a 2.9-fold increase from the untreated

fibers. The delignification of pulp was as high as 75.01% and hemicellulose removal reached 96.38%. The

hemicellulose fractions contained as high as 78.49% oligomers and we identified up to 30.4% linear

xylooligosaccharides in the composition. The majority of the fragments of hemicelluloses had molecular

weights lower than 1000 Da. Isolated lignin samples had in most cases very low sugar and ash

contamination with a reduced molecular weight. The typical G-, S-, and H-type aromatic units were

detected in the lignin, together with b-O-4′, b-5′, b-b′, and dibenzodioxocine links. The results suggest

a novel applicability of S. ramosissima in a biorefinery context with fractionation deriving building blocks

for value added products.
Introduction

Population growth, the expansion of cities, and an increased
concern for the environment have induced a new urgency to the
quest for renewable alternatives to fossil fuels.1,2 Droughts as
well as exorbitant oil and gas prices have contributed to an
energy crisis in several countries.3–5

Biomass offers an alternative to coal and oil as a source of
value-added products.6,7 Owing to the complexity of lignocellu-
losic biomass, fractionation is an indispensable tool for sepa-
rating cellulose, hemicellulose, and lignin streams.8,9 The
different fractions obtained can be directed towards down-
stream applications, such as the manufacturing of chemicals,
biofuels for transport, textiles, and pharmaceuticals or
nutraceuticals.6,10

During organosolv fractionation, biomass is typically treated
at temperatures between 170 and 220 °C in a solution con-
taining water and organic solvent, which enables both physical
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(temperature) and chemical (solvent) interactions.11,12 Organo-
solv fractionation is a very efficient means of producing high-
purity cellulose, sulfur-free lignin residues, and liquor con-
taining hemicelluloses hydrolyzed into oligomers, monomers,
furans, and organic acids.13–15 Organosolv has been studied and
applied to various lignocellulosic materials, including hard-
woods, sowoods, and grasses as feedstock at both laboratory
and industrial scales.16–18

The global increase in population results in a greater
demand for arable land and urbanization, which may hinder
the cultivation of plants destined for the production of lubri-
cants, resins, clothing, and energy. To avoid taking away
precious land from food production, plants aimed for non-food
uses should be cultivated in terrain that is not immediately
suitable for agriculture, such as coastal regions or drylands
under desertication, whose salt content is too high for most
crops to grow. Halophytes represent an excellent alternative for
such regions,19 owing to their tolerance of up to 1 M NaCl.20

Highly saline soils may be either domesticated with progres-
sively more tolerant halophytes or they can be cultivated with
species already exhibiting an elevated salt tolerance.21

Halophytes have been associated with the production of fuel,
charcoal, groundcover, feed, and food, as well as intercropped
cultures and heavy metal remediation.22–24 Salicornia ramo-
sissima, which belongs to a widespread genus of halophytes,
grows well at 110–200 mM NaCl, is tolerant also towards UV
radiation and acidity, and is easy to cultivate.25,26 Research on
This journal is © The Royal Society of Chemistry 2023
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Table 1 Pretreatment conditions applied to S. ramosissima dejuiced
fibers

Code
Temperature
(°C) Time (min)

Ethanol content
(% v/v)

0A4 200 15 40
0A6 200 15 60
0B4 200 30 40
0B6 200 30 60
0C4 200 45 40
0C6 200 45 60
1A4 180 15 40
1A6 180 15 60
1B4 180 30 40
1B6 180 30 60
1C4 180 45 40
1C6 180 45 60
1D4 180 60 40
1D6 180 60 60
2B4 160 30 40
2B6 160 30 60
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the characterization of the plant has been carried out and the
potential application of bioactive extracts in nutraceuticals,
biopharmaceuticals, and cosmetics27 given the presence of
phenolic acids, avonols, organic acids, proteins, carbohy-
drates, and lipids.28,29 Lately, the research of S. ramosissima
applications has been carried out on food applications.30–32

Other applications of S. ramosissima have been recently studied
including as a source of cosmetics,33 kitchen salt,34 antioxi-
dants35 and biogas.26

In this study, we have evaluated the application of S. ramo-
sissima residual bers, a by-product of the juicing process applied
for the extraction of bioactive compounds. To determine the
potential of this plant residue in a biorenery context, parameters
related to fractionation and downstream processing of samples
have been assessed, and structures and components found in the
lignin and hemicellulose fractions have been characterized.

Experimental
Feedstock

S. ramosissima was cultivated in sandy soil in Portugal and
irrigated with water containing 12–13 g L−1 NaCl. Samples were
harvested aer 26 weeks of cultivation. Biomass was fraction-
ated with a lab-scale single-auger juicer, yielding 66.7% juice
and 33.3% bers. Untreated dejuiced bers included 16.64% w/
w cellulose, 22.42% w/w hemicelluloses, 15.86% w/w lignin,
32.53% w/w extractives, and 0.78% w/w ashes (total ashes
including those in the extractives amounted to 13.21%). Semi-
quantitative elemental analysis identied sodium (6.30% w/w),
potassium (0.78% w/w), magnesium (0.26% w/w), phosphorus
(0.26% w/w), calcium (0.24% w/w), sulfur (0.17% w/w), and
bromine (0.04% w/w) as the main inorganic elements.

Organosolv pretreatment

The bers were fractionated in a rotating multidigester orga-
nosolv reactor (Haato, Vantaa, Finland) composed of six vessels
with 2.5 L capacity each. The biomass load for each condition
was 90 g, with a solvent ratio of 1 : 10 w/v. The solvent was an
ethanol : water solution at either 40%:60% v/v or 60%:40% v/v.
Aer heating up to the selected temperature, the reaction was
maintained at that temperature for a dened time (Table 1).
Next, the reactor was cooled down to 40 °C and the material was
vacuum-ltered to separate the pulp from the process liquor.
Insoluble bers (pulp) were washed with the same solvent as in
the previous step, dried at room temperature, and collected in
plastic bottles until further use. The liquor phase was processed
in a rotary evaporator (Heidolph, Schwabach, Germany) to
evaporate the ethanol, followed by centrifugation at 10 000×g
for 10 min to precipitate lignin. The latter was then freeze-dried
(Telstar, Terrassa, Spain) and stored in plastic bottles until
further use. The supernatant liquid (hemicellulose fraction) was
collected and stored in plastic bottles at 4 °C.

Analytical methods

Extractives were isolated following the National Renewable
Energy Laboratory NREL/TP 510 42619 protocol using a Soxhlet
This journal is © The Royal Society of Chemistry 2023
apparatus,36 rst with water and then with ethanol, and nally
with chloroform :methanol (2 : 1, v/v). The solvents were evap-
orated in a rotary evaporator, and the fractions were quantied
and stored. The cellulose, hemicellulose, and lignin composi-
tion of untreated biomass and pretreated fractions was analyzed
according to the NREL/TP 510 42618 protocol.37 The sugar
content was quantied by high-performance anion exchange
chromatography (HPAEC) (Thermo Scientic, Waltham, MA,
USA) using a CarboPac PA-1 column (4 × 250 mm; Dionex™,
Thermo Scientic) with a pulsed amperometric detector
equipped with a gold electrode. Neutral sugars in hemicellulose
monomers, linear cellooligosaccharies, and xylooligo-
saccharides were quantied directly, whereas oligomers were
rst hydrolyzed to monomers using 4% w/w aqueous H2SO4

according to the NREL/TP-510-42623 protocol.38 The samples
were eluted with a sodium acetate gradient generated with
buffer A (100 mm NaOH) and buffer B (1 m NaOAc in 100 mm
NaOH). The gradient consisted of 0–30% buffer B for 25 min,
followed by a wash step with 30–100% buffer B for 5 min, and
equilibration with buffer A for 9 min at a ow rate of 1 mL
min−1. For uronic acid analysis, the HPAEC apparatus was
equipped with a PA-20 column (3 × 150 mm; Dionex™) main-
tained at 30 °C. The samples were eluted with buffer A (de-
ionized water), buffer B (200 mm NaOH), and buffer C (100 mm
NaOAc in 100 mm NaOH) according to the following gradient:
0–18 min, isocratic step (98.8% A and 1.2% B); 18–20 min, 1.2–
50% B; 20–30 min, 50% A and 50% B; 30.1–46 min, 100% C;
46.1–50 min, 100% B; and 50.1–60 min, 98.8% A and 1.2% B at
0.4 mL min−1. The inorganic ash content was determined
gravimetrically by ashing the samples at 550 °C for 3 h, with
a temperature increase of 1 °C/min. The moisture content was
determined gravimetrically aer drying the samples at 95 °C
overnight until a constant weight was attained.

Enzymatic saccharication

Enzymatic saccharication of pretreated biomass was per-
formed in duplicate in 2 mL microcentrifuge tubes with 3% w/v
Sustainable Energy Fuels, 2023, 7, 3902–3918 | 3903
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pretreated biomass at a volume of 1 mL. Saccharication was
evaluated using the commercial cellulase enzyme solution
Cellic® CTec2 (Novozymes A/S, Bagsværd, Denmark) at an
enzyme load of 20 FPU per gsolids in 50 mM citrate buffer (pH 5).
The samples were incubated at 50 °C for 72 h in a thermomixer
at 900 rpm, with aliquots checked every 24 h. Aer incubation,
the enzyme solution was inactivated by placing the tubes in
a water bath at 95 °C for 5 min and then centrifuging at 12
000×g for 10 min at room temperature. The supernatant was
ltered through a 0.22 mm lter (Sartorius, Göttingen, Germany)
and the sugars were quantied by HPAEC with pulsed amper-
ometric detection.

Liquid chromatography-mass spectrometry (LC-MS)

For LC-MS, 1 mL samples were puried prior to analysis on
a graphite C18 ZipTip column (Merck Millipore, Burlington,
MA, USA). The column was activated with 3 × 50 mL of a solu-
tion containing 90% v/v acetonitrile and 0.5% v/v formic acid,
washed with 3 × 50 mL of 0.5% v/v formic acid, loaded with the
sample, washed with 3 × 50 mL of a wash solution, and eluted
with 3 × 50 mL of a glycan elution solution composed of 25%
acetonitrile and 0.5% v/v formic acid. For reverse-phase chro-
matography, a column (10 cm × 250 mm) with 5 mm porous
graphite particles (Hypercarb; Thermo-Hypersil, Runcorn, UK)
was used. The samples were eluted with an acetonitrile gradient
composed of buffer A (10 mm ammonium bicarbonate) and
buffer B (10 mm ammonium bicarbonate in 80% acetonitrile).
The gradient (0–45% buffer B) was eluted for 46 min, followed
by a wash step with 100% buffer B and equilibration with buffer
A for 24 min. The samples were analyzed on a linear ion trap
mass spectrometer (LTQ XL; Thermo Electron, San José, CA,
USA) in both negative and positive ion modes, using an Ion Max
(Thermo Scientic) standard electrospray ionization source
equipped with a stainless-steel needle kept at −3.5 kV.
Compressed air was used as the nebulizer gas. The heated
capillary was kept at 270 °C, and the capillary voltage was −50
kV. A full scan (m/z = 380–2000, two microscans, maximum 100
ms, and target value of 30 000) was performed, followed by data-
dependent MS2 scans (two microscans, maximum 100 ms, and
target value of 10 000) with a normalized collision energy of
35%, isolation window of 2.5 units, activation q = 0.25, and
activation time of 30 ms. The threshold for MS2 was set to 300
counts. Data were acquired and processed with Xcalibur so-
ware (Version 2.0.7; Thermo Scientic). Spectra were inter-
pretedmanually using the GlycoWorkbench glycan analysis tool
(https://www.eurocarbdb.org/applications/ms-tools).

Phosphorus-31 nuclear magnetic resonance (31P NMR)

Approx. 30 mg of lignin was accurately weighted and dissolved
in 400 mL of anhydrous CDCl3/pyridine solution (1:1.6 (v/v)). 100
mL of a standard solution of N-hydroxy-5-norbornene-2,3-dicar-
boxylic acid imide (e-HNDI) (0.1 M in anhydrous CDCl3/pyridine
solution) containing Cr(III) acetylacetonate as the relaxation
agent (ca. 5 mgmL−1 was added. The phosphitylating reagent 2-
chloro-4,4,5,5-tetramethyl-1,2,3-dioxiphosphospholane (100 mL)
was added to the solution, which was then stirred for 2 h at
3904 | Sustainable Energy Fuels, 2023, 7, 3902–3918
room temperature. Spectra were recorded on a Bruker AVANCE
400 MHz equipped with a 5 mm double resonance broadband
BBI inverse probe at 25 °C with a total of 160 scans. All chemical
shis reported are relative to the reaction product of water with
Cl-TMDP, which gives a sharp signal in pyridine/CDCl3 at 132.2
ppm. Data were processed and quantied with MestreNova
Version 9.0.1.

Carbon-13 nuclear magnetic resonance (13C NMR)

For quantitative 13C NMR analysis, approx. 80 mg of lignin was
dissolved in 500 mL DMSO-d6. We applied 50 mL (∼1.5 mgmL−1)
of Cr(III) acetylacetonate in DMSO-d6 as a spin-relaxation agent
and 50 mL (∼15 mg mL−1) of trioxane (92.92 ppm) in DMSO-d6
as an internal standard. Spectra were recorded on a Bruker 600
MHz AVANCE III spectrometer equipped with a 5 mm BBO
broadband (1H/19F/2D) z-gradient cryo-probe and controlled
with TopSpin 3.6.4 soware at 30 °C, with a total of
20 000–24 000 scans. An inverse-gated proton decoupling pulse
sequence was applied with a 90° pulse width, acquisition time
of 1.2 s, and relaxation delay of 1.7 s. Data were processed with
MestreNova Version 9.0.1 (Mestrelab Research S.L., Santiago de
Campostela, Spain).

1H–13C heteronuclear single quantum coherence (HSQC)

For 1H–13C HSQC analysis, the same sample as prepared for the
acquisition of the quantitative 13C NMR was used. Spectra were
recorded on a Bruker 600 MHz AVANCE III spectrometer
equipped with a 5 mm BBO broadband (1H/19F/2D) z-gradient
cryo-probe and controlled with TopSpin 3.6.4 soware at 30 °C.
The Bruker hsqcetgpsisp2.2 pulse program in DQD acquisition
mode was applied with NS= 64, TD= 2048 (F2) and 512 (F1), SQ
= 12.9869 ppm (F2) and 164.9996 ppm (F1), O2 (F2) = 2601.36
Hz and O1 (F1) = 7799.05 Hz, D1 = 2 s, CNST2 1J (C–H) = 145,
and acquisition times of 197.0176 ms (F2) and 15.4164 ms (F1).
Data were processed with MestreNova Version 9.0.1.

Size exclusion chromatography of lignins

To determine the molecular weight of lignin, we performed gel
permeation chromatography (GPC). The samples were pretreated
via acetobromination adopting the standard literature proce-
dure39 by adding 0.9 mL glacial acetic acid and 0.1 mL acetyl
bromide to 5 mg of lignin powder, followed by stirring for 2 h at
room temperature in closed amber glass vials. The stirred solu-
tion was subsequently transferred to a round ask for the evap-
oration of the solvent in a rotary evaporator (Heidolph) at 50 °C
and 50 mbar. Two wash steps were applied with 1 mL tetrahy-
drofuran (THF) followed by solvent evaporation. The material
was dissolved in 1 mL THF and then ltered through 0.22 mm
hydrophobic lters (Sartorius). Finally, the samples were
analyzed by high-performance liquid chromatography (Perki-
nElmer, Waltham, MA, USA) using a Styragel® HR 4E column
(Waters, Milford, MA, USA) and a UV detector (set to l = 280 nm)
at 40 °C with a ow rate of 0.6 mL min−1 and THF as the mobile
phase. Calibration was carried out using polystyrene standards of
500–90 000 Da (Sigma-Aldrich, St. Louis, MO, USA). The numbers
were rounded up to 100 s due to resolution of the method.
This journal is © The Royal Society of Chemistry 2023
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Size exclusion chromatography of hemicelluloses

GPC was used to determine the molecular weight range of
hemicelluloses in S. ramosissima. Samples were ltered through
0.22 mm hydrophilic lters (Sartorius) and analyzed by high-
performance liquid chromatography using a refractive index
detector and a series of two Ultrahydrogel 250 and 120 columns
(Waters) operated at 60 °C, with deionized water as the mobile
phase, and a ow rate of 0.6 mL min−1. Calibration was carried
out using cellobiose (MW 342 Da; Sigma-Aldrich) and dextran
(MW 1000, 5000, 12 500, 25 000, 50 000, and 80 000 Da; Sigma-
Aldrich).

Results and discussion
Pulp

Organosolv pretreatment of dejuiced bers from S. ramosissima
was performed in 16 different combinations of temperature
(160, 180, and 200 °C), duration (15, 30, 45, and 60 min), and
solvent composition (40% and 60% v/v ethanol) (Table 1). Table
2 summarizes the composition of cellulose, hemicelluloses,
lignin, ashes, and extractives following organosolv
pretreatment.

The cellulose content reached 48.95% w/w in samples pre-
treated at 180 °C for 45 min with 40% v/v ethanol, and its
recovery ranged from 68.6% to 99.9%, for single treatment.
Cellulose content was generally higher in samples pretreated at
200 °C or for longer times (45 and 60 min) at 180 °C. Except for
pretreatments at 160 °C and the shortest pretreatment at 180 °C
with 60% v/v ethanol, the recovery of hemicellulose from pulp
was <20%. Delignication was >52.8% w/w except from the
pretreatments at 160 °C. At 200 °C, hemicellulose recovery was
generally higher at 40% v/v ethanol, while delignication
increased with longer pretreatment time (61.8% to 75.0%) if
60% ethanol was provided. Besides pretreatments performed
Table 2 Composition of pretreated solidsa

Codes

Pulp
recovery
(% w/w)

Cellulose
(% w/w)
(% recovery)

Hemicellu
(% w/w)
(% recove

0A4 36.33 40.79 (89.06) 11.14 (18.
0A6 33.80 37.95 (77.08) 6.77 (10.
0B4 37.01 37.57 (83.54) 2.19 (3.6
0B6 33.91 45.32 (92.38) 6.52 (9.8
0C4 35.91 38.16 (68.62) 3.35 (4.4
0C6 30.35 48.95 (89.27) 7.22 (9.7
1A4 38.01 35.65 (81.45) 8.49 (14.
1A6 39.08 36.60 (85.96) 12.96 (22.
1B4 37.34 35.01 (78.55) 7.56 (12.
1B6 37.32 36.54 (81.95) 7.64 (12.
1C4 34.83 47.72 (99.89) 6.78 (10.
1C6 34.78 38.73 (80.94) 9.22 (14.
1D4 37.47 36.85 (83.00) 8.33 (13.
1D6 36.64 38.51 (84.81) 10.38 (16.
2B4 45.25 28.32 (77.02) 12.76 (25.
2B6 49.64 27.83 (83.02) 18.53 (41.

a Codes: 0 – pretreatment at 200 °C; 1 – pretreatment at 180 °C; 2 – pretreat
C – pretreatment for 45 min; D – pretreatment for 60 min; 4–40% v/v eth

This journal is © The Royal Society of Chemistry 2023
for 30 min at 180 and 200 °C, the lignin content in pretreated
pulp was higher with 40% v/v ethanol. In our previous study
with the same genus Salicornia dolichostachya, the cellulose
content aer organosolv pretreament was also higher in the
sample pretreated at 200 °C, reaching 51.3% w/w, although it
should bementioned that the cellulose content in the untreated
pulp was higher (25.56% w/w)40 compared to the cellulose
content of the untreated pulps of S. ramosissima (16.64% w/w).
As such the fold increase of cellulose with the S. ramosissima
species was higher compared to the fold increase with S.
dolichostachya.

The extractives obtained from pretreated pulp ranged from
10.5% to 32.2% w/w. The recovery of bers was higher in the
mildest pretreatments performed at 160 °C (45.3% and 49.6%),
which coincided also with lower hemicellulose removal and
delignication, thus indicating poor efficiency of these frac-
tionation conditions in S. ramosissima.

Hemicelluloses

Table 3 lists the oligomer ratio for the sugars recovered in the
hemicellulose fractions, as well as the yield of different mono-
mers and oligomers. The yield of hemicellulosic sugars was
higher following mild pretreatment at 180 °C for 15 min with
40% v/v ethanol (8.29 g per 100 gbiomass, which includes 2.38 g
per 100 gbiomass monomers and 5.91 g per 100 gbiomass oligo-
mers) and at 160 °C for 30 min with 40% v/v ethanol. The
highest amount of total hemicellulose oligomers (6.23 g per 100
gbiomass), of which the majority were xylan and arabinan (3.62
and 2.01 g per 100 gbiomass, respectively), as well as nearly the
highest ratio (76.35%) was achieved with pretreatment at 160 °C
for 30 min with 40% v/v ethanol. Under these and all other
conditions, 60% v/v ethanol yielded a higher oligomer ratio
than 40% v/v ethanol. Only pretreatment at 200 °C for 45 min
with 40% v/v ethanol yielded more monomers than oligomers,
loses

ry)

Lignin
(% w/w)
(% recovery)

Ashes
(% w/w)

Extractives
(% w/w)

04) 19.11 (43.76) 2.26 14.16
20) 17.91 (38.17) 2.73 25.63
2) 13.36 (31.17) 2.21 32.16
6) 15.17 (32.44) 2.34 21.20
7) 16.90 (31.89) 2.12 29.05
8) 13.06 (24.99) 2.01 29.53
40) 19.20 (46.01) 2.30 24.54
60) 15.79 (38.90) 3.08 20.72
59) 14.43 (33.97) 2.30 32.06
72) 15.89 (37.39) 3.19 20.77
54) 21.50 (47.21) 1.85 13.82
30) 18.62 (40.82) 2.79 10.50
92) 15.23 (35.99) 2.07 26.84
96) 13.66 (31.56) 3.20 22.66
75) 22.28 (63.58) 1.96 16.29
03) 21.06 (65.91) 2.51 16.21

ment at 160 °C; A – pretreatment for 15 min; B – pretreatment for 30 min;
anol content; 6–60% v/v ethanol content.
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indicating that harsh conditions were required for hemi-
cellulose recovery. Whereas monosaccharides can be directly
applied for fermentation or as building blocks, hemicellulose
oligomers are suitable as prebiotics, in regulating type II dia-
betes and cholesterol levels or as immunostimulants.41–43

In 11 out of 16 pretreatments, arabinose was the main sugar
monomer, whereas xylan was the main oligomer for all but one
of the pretreatments. In arabinoxylan hemicelluloses, the ara-
binan present in the side chain is more susceptible to
pretreatment, explaining its abundance among monomers and
that of xylan among oligomers. Unlike cellulose, which has
a partly crystalline structure,44 hemicellulose is less thermo-
stable and is prone to the formation of thermally unstable
anhydrosugars, such as arabinosan and xylosan.45 The mildest
pretreatments at 160 °C presented the highest amounts of
arabinan (2.01 and 0.67 g per 100 gbiomass), thus corroborating
this tendency.

At 200 °C, the hemicellulose yield was higher in samples
pretreated with 60% than 40% v/v ethanol. This trend was
reversed at the other temperatures tested, demonstrating the
importance of evaluating different combinations of parameters
during organosolv pretreatment. Werner and collaborators
studied the thermal decomposition of hemicelluloses and
suggested that phenolic compounds cross-linked with arabi-
noxylan improved stability at higher temperatures.45 Numerous
phenolic compounds have been reported in S. ramosissima, and
their solubility tends to improve at higher ethanol ratios in the
mixture.46,47

Table 4 lists the total values for different linear xylooligo-
saccharides (XOS), as well as some cello-oligosaccharides (COS)
recovered from organosolv pretreatment of S. ramosissima. XOS
and COS were found mostly as dimers, although some samples
presented similar amounts of XOS2 and XOS3. Generally, in
samples treated at 180 °C, XOS3 corresponded to at least 60% of
the XOS2 content. Analogously, 60% v/v ethanol during orga-
nosolv pretreatment seemed to favor a higher XOS3/XOS2 ratio.
Linear XOS4 forms were also detected, albeit at low concentra-
tions. Notably, short pretreatments at 180 °C seemed to favor
linear XOS4, whereas those at 160 °C prevented their formation.
Finally, no linear XOS6 was detected in any sample. The highest
amount of total linear XOS with a degree of polymerization (dp)
of 2–6 was recorded following pretreatment at 180 °C for 15 min
with 40% v/v ethanol, and was generally higher at 180 °C.
Milessi and collaborators (2021) pretreated sugarcane bagasse
with three different methods: alkaline, hydrothermal, and
organosolv and they concluded that the hydrothermal and
organosolv pretreatments were the best suitable for the
production of XOS additionally suggesting that the organosolv
pretreatment as best suitable given the lowest xylose
formation.48

The ratio of linear XOS (dp 2–6)/total hemicellulose oligo-
mers varied between 2.71% (160 °C, 30 min, and 60% v/v
ethanol) and 30.36% (180 °C, 60 min, and 60% v/v ethanol).
Such a range indicates the presence of other soluble oligosac-
charides in the samples, such as XOS with dp >6, pentoses such
as arabinose (which was also detected), glucose, branched XOS,
and XOS bound to alduronic acids.49,50
This journal is © The Royal Society of Chemistry 2023
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Spectra recorded during GPC were carefully interpreted, as
the refractive index detector employed for the measurements
could recognize also degradation compounds, residual ethanol,
and salts. Such compounds are not expected to interact with the
column in the same way the carbohydrates do, and are therefore
likely to elute at lower elution volumes, which would corre-
spond to higher molecular weight fractions. By taking into
account the expected dp of soluble oligosaccharides, a cut-off of
1500 Da,51 corresponding to approximately 11 pentose (i.e.,
xylose) residues and 15.8 mL elution volume was chosen. The
lowest cut-off was set at 150 Da, equivalent to that of a single
xylose and an elution volume of 18.1 mL. To improve peak
recognition and comparison between samples, GPC plots
encompassed elution volumes of 15–19.5 mL, instead of the full
range (0–36 mL). This strategy allowed the exclusion of peaks
originating from other compounds or impurities.

Based on the chosen cut-off values, the signal in the ranges
up to 500 Da, 500–1000 Da, and 1000–1500 Da was calculated
(Table 5). Most of the signal was accounted for by MWs < 1000
Da. Only two of the samples (180 °C with 40% v/v ethanol for 15
or 30 min) had lower than 82% of the sugars at the range of MW
< 1000 Da. A shi towards lower molecular weight with
increasing treatment duration but the same temperature and
ethanol content was observed. When evaluating the effect of
treatment temperature, a shi towards lower molecular weights
was observed with increasing temperature, indicating that
higher temperatures promoted extensive hemicellulose depo-
lymerization. This is evident in the chromatograms aer 17.5
mL, whereby pretreatments at 200 °C result in fewer and
broader peaks than observed for treatment products obtained at
180 and 160 °C. Finally, the ethanol content had a profound
effect on the molecular weight of hemicellulose, with 60% v/v
ethanol resulting in signicantly more small hemicellulose
molecules (<500 Da), except for treatments at 180 °C for 30 min.
Table 5 Molecular weight distribution of oligosaccharides from pretrea

Codes
1000 Da <
MW < 1500 Da (%)

0A4 14.32%
0A6 9.02%
0B4 11.66%
0B6 8.04%
0C4 14.59%
0C6 8.96%
1A4 40.64%
1A6 15.23%
1B4 27.38%
1B6 15.68%
1C4 17.35%
1C6 9.26%
1D4 13.84%
1D6 9.14%
2B4 15.90%
2B6 10.24%

a Codes: 0 – pretreatment at 200 °C; 1 – pretreatment at 180 °C; 2 – pretreat
C – pretreatment for 45 min; D – pretreatment for 60 min; 4–40% v/v eth

3908 | Sustainable Energy Fuels, 2023, 7, 3902–3918
At 180 °C and 40% v/v ethanol, hemicellulose depolymer-
ization led to an increase from 59.36% to 86.16% in the amount
of molecules with MW < 1000 Da, when time increased from 15
to 60 min. Instead, at 60% v/v ethanol, the yield was above 84%
at all times. For both ethanol contents, the total ratio of mole-
cules with MW < 1000 Da was higher at 160 °C (84.1% and
89.8%) than at 180 °C (72.6% and 84.3%). This difference can be
explained by the mildest conditions being less effective in
fractionating biomass and thus causing slower release of
hemicelluloses from the pulp.52

Based on the observed recovery of oligomers from hemi-
cellulose, the mildest pretreatments were selected for LC-MS
analysis. The specic LC-MS set-up employed could analyze
glycans spanning 2–15 residues, but not monosaccharides.
Moreover, MS could not differentiate between pentoses or
hexoses, such as xylose and arabinose, because of identical
mass. The samples were analyzed in their native, non-reduced
form.

Fig. 1 reports the base peak chromatogram of samples pre-
treated at 160 °C for 30 min with 40% v/v ethanol analyzed in
negative ion mode. The major peak at m/z 309 was assigned to
a disaccharide consisting of a hexuronic acid linked to
a pentose minus 16. The glycan was detected in positive ion
mode as [M + NH4]

+. This nding is important as biologically
active XOS such as alduronic acids can inuence prebiotic
activity. Furthermore, hexuronic acid was suspected of forming
a deoxyhexuronic acid (deoxyHexA). Mishra and collaborators
(2013) studied the mass proling of oligosaccharides of Sali-
cornia brachiata using MALDI TOF–TOF MS analysis where they
described signals for hexuronic acids and deoxy-pentoses.53 The
formation of deoxyHexA during organosolv treatment is not
commonly reported, likely due to more advanced analytical
instrumentation being required to identify such compounds.
However, deoxyHexA has been reported during organosolv
ted S. ramosissima samplesa

500 Da <
MW < 1000 Da (%)

MW <
500 Da (%)

57.75% 27.93%
35.42% 55.56%
46.36% 41.98%
27.34% 64.62%
49.74% 35.67%
26.07% 64.97%
35.90% 23.46%
40.11% 44.66%
38.13% 34.49%
47.59% 36.73%
52.77% 29.88%
33.57% 57.17%
64.83% 21.33%
37.94% 52.92%
57.00% 27.10%
37.11% 52.66%

ment at 160 °C; A – pretreatment for 15 min; B – pretreatment for 30 min;
anol content; 6–60% v/v ethanol content.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Base peak chromatogram of S. ramosissima pretreated at 160 °C for 30 min with 40% ethanol (2B4); the MS2 insert shows the major
glycan at m/z 309 identified as a disaccharide consisting of a hexuronic acid linked to a pentose minus 16.

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ni
e 

20
23

. D
ow

nl
oa

de
d 

on
 2

02
6-

02
-1

3 
9:

05
:0

3 
nm

.. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
treatment of biomass under alkaline conditions.54 Since alka-
line organosolv treatment was not applied in this case, the
elevated salt content of Salicornia pulp might be sufficient to
induce deoxyHexA formation. Another peak at m/z 369 was
assigned to a disaccharide consisting of a hexose with a meth-
ylated hexuronic acid. Moreover, strong signals were assigned
to a pentose disaccharide, pentose trioses, and a C6 disaccha-
ride. Finally, weaker signals that might correspond to acetylated
C5 connected to C6 were also identied, along with acetylated
hexuronic acids.

A base peak chromatogram similar to the one above was
obtained also for samples pretreated at 180 °C for 30 min with
60% v/v ethanol (Fig. S1†). In this case, a few early components,
a major disaccharide at m/z = 367, as well as a later eluting
disaccharide at 17 min (m/z = 353) were noted. The peak at m/z
353 pointed to a major fragment ion indicative of hexose (m/z =
161), whereas that at m/z = 367 indicated the presence of hex-
uronic acid. The major fragment ion at m/z = 191 in both
components was assigned to acetylated pentose. A peak atm/z=
309 was also detected, although its abundance was almost 10
times lower than in the sample pretreated at 160 °C for 30 min
with 40% v/v ethanol. The opposite was observed for the peak at
m/z = 369. Finally, a peak pointing to a C6 disaccharide was
detected, along with peaks corresponding to C5 tetraoses.

The sample pretreated at 160 °C for 30 min with 60% v/v
ethanol presented a strong signal at m/z = 501 and 563, which
corresponded to C6 trisaccharides and C5 tetraoses, respec-
tively (Fig. S2†). No peak at m/z = 309 was detected in this
sample. Peaks at m/z = 353 indicated the presence of acetylated
pentoses connected to a C6 sugar. The peak atm/z= 367 was 1.7
times more abundant than in a similar sample pretreated at 180
°C. Also the peaks atm/z= 353 and= 367 exhibited a very strong
signal, indicating an abundance of acetylated disaccharides.
Other peaks suggested the presence of disaccharides composed
of hexoses or one hexose and one pentose. Finally, a relatively
abundant peak that could correspond to a tetraose consisting of
This journal is © The Royal Society of Chemistry 2023
three pentoses and one hexose was detected in this sample but
to a much lesser extent in others.

The remaining samples, which included pretreatments at
180 °C for 15 or 30min with 40% v/v ethanol or 15min with 60%
ethanol, contained the same glycans as described above,
although at a varying relative abundance (Fig. S3†). Specically,
the sample pretreated at 180 °C for 30 min with 40% v/v ethanol
was characterized by a strong peak atm/z= 353, followed by one
at m/z = 369 (previously assigned to a hexose with a methylated
hexuronic acid) and others corresponding to pentose disac-
charides, tetraoses, hexose disaccharides, and trisaccharides.
Finally, the peak at m/z = 309 was equally abundant as in the
equivalent sample pretreated with 60% v/v ethanol. For the
sample pretreated at 180 °C for 15min with 40% v/v ethanol, the
most abundant peak was at m/z = 367, which was not detected
at 30 min, and was comparable to the one noted at 160 °C. A
strong peak was detected again atm/z= 353, although it was 35–
40%more abundant than in the sample pretreated at 160 °C for
30 min with 40% v/v ethanol and slightly higher than with 60%
v/v ethanol. Again, a rather large peak was detected atm/z= 369,
whereas the one at m/z = 563 (indicating C5 tetraose) was the
most abundant across all tested samples. A peak assigned to
a tetraose consisting of three pentoses and one hexose was also
detected in this sample, although it was not as evident. Finally,
in the sample pretreated at 180 °C for 15 min with 60% v/v
ethanol, the strongest peaks were atm/z= 367 and 353, with the
former similar to the one detected in the sample pretreated with
40% v/v ethanol and the latter approximately 43% more abun-
dant. Additional peaks were assigned to C6 disaccharides, C5
tetraose, and tetraose consisting of three C5 and one C6 sugars,
although the abundance was lower than in other samples. The
same applied to a peak at m/z = 369. Overall, LC-MS analysis
demonstrated that different hexurono-XOS/alduronic acids
were the main branched oligosaccharides. Importantly, these
acidic oligosaccharides exhibit various biological activities.55–57

The quantication of sugar degradation compounds and
total phenolics in the hemicellulose fractions is reported in
Sustainable Energy Fuels, 2023, 7, 3902–3918 | 3909
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Table 6 Degradation compounds detected under each S. ramosissima pretreatment conditiona

Code
Acetic acid (g
per 100 gbiomass)

Formic acid (g
per 100 gbiomass)

HMF (g per 100
gbiomass)

Levulinic acid
(g per 100 gbiomass)

Furfural (g per
100 gbiomass)

Phenolics (g
per 100 gbiomass)

Total (g per
100 gbiomass)

0A4 4.766 0.493 0.269 0.004 0.245 0.081 5.857
0A6 4.259 0.400 0.302 0.000 0.125 0.060 5.146
0B4 3.451 0.368 0.315 0.000 0.161 0.081 4.377
0B6 4.222 0.410 0.282 0.000 0.132 0.058 5.104
0C4 3.926 0.366 0.356 0.000 0.202 0.076 4.927
0C6 3.420 0.296 0.264 0.000 0.065 0.046 4.091
1A4 3.818 0.289 0.238 0.000 0.277 0.103 4.726
1A6 2.022 0.181 0.156 0.000 0.033 0.047 2.439
1B4 2.494 0.209 0.141 0.000 0.193 0.090 3.127
1B6 2.463 0.215 0.181 0.000 0.128 0.053 3.040
1C4 3.447 0.314 0.258 0.000 0.198 0.076 4.293
1C6 2.607 0.243 0.183 0.000 0.045 0.038 3.116
1D4 4.488 0.399 0.279 0.000 0.286 0.090 5.541
1D6 3.216 0.273 0.246 0.000 0.179 0.056 3.970
2B4 1.553 0.117 0.149 0.000 0.015 0.088 1.923
2B6 0.636 0.046 0.037 0.000 0.004 0.053 0.776

a Codes: 0 – pretreatment at 200 °C; 1 – pretreatment at 180 °C; 2 – pretreatment at 160 °C; A – pretreatment for 15 min; B – pretreatment for 30 min;
C – pretreatment for 45 min; D – pretreatment for 60 min; 4–40% v/v ethanol content; 6–60% v/v ethanol content. HMF, hydroxymethylfurfural.
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Table 6. Acetic acid originates from the acetylation of sugars,
whereas furfural, hydroxymethylfurfural (HMF), levulinic acid,
and formic acid derive from the degradation of sugars, thereby
affecting their yields.58 Acetic acid presented the highest
concentration, ranging from 0.636 to 4.766 g per 100 gbiomass.
The second most common degradation compound was formic
acid, which ranged from 0.046 to 0.493 g per 100 gbiomass, at the
lowest and highest treatment temperatures, respectively. HMF
varied between 0.037 and 0.356 g per 100 gbiomass, and furfural
varied between 0.004 and 0.286 g per 100 gbiomass. Levulinic acid
was detected only in the hemicellulose fraction pretreated at
200 °C for 15 min and 40% v/v ethanol, and even then at
negligible levels (0.004 g per 100 gbiomass). Finally, total phenolic
compounds ranged from 0.046 to 0.103 g per 100 gbiomass, with
Table 7 Sugar degradation compounds detected after activated carbon

Code

Acetic acid Formic acid

(g per 100 gbiomass) Reduction
(g per 100
gbiomass) Redu

0C4 1.939 50.61% 0.245 33.1
0C6 1.905 44.30% 0.209 29.3
1A4 2.279 40.31% 0.228 21.2
1A6 0.982 51.44% 0.128 29.2
1B4 1.114 55.32% 0.146 29.8
1B6 1.629 33.87% 0.180 16.0
1C4 2.242 34.97% 0.252 19.8
1C6 1.757 32.62% 0.196 19.6
1D4 2.113 52.91% 0.252 36.8
1D6 1.735 46.03% 0.184 32.6
2B4 0.730 53.01% 0.112 4.1
2B6 0.391 38.62% 0.056 3.1

a Representation of the codes: 0 – pretreatment at 200 °C; 1 – pretreatmen
pretreatment for 30 min; C – pretreatment for 45 min; D – pretreatment fo
hydroxymethylfurfural.

3910 | Sustainable Energy Fuels, 2023, 7, 3902–3918
40% v/v ethanol giving better results than 60% v/v ethanol,
particularly at 180 °C for 15 min.

Except for pretreatment at 200 °C for 30 min, all other
conditions yielded more degradation compounds at 40% than
60% v/v ethanol. Overall, samples pretreated at 160 °C led to
lower yields with both 40% v/v ethanol (1.923 g per 100 gbiomass)
and 60% v/v ethanol (0.776 g per 100 gbiomass).

To determine the potential of removing part of the degra-
dation compound (if needed), an activated carbon treatment
was applied and evaluated (Table 7). Activated carbon treatment
was previously shown by our group not to affect the concen-
tration of sugars.59 In general, furans (HMF and furfural)
declined by more than 73%, with furfural dropping by more
than 93% in all samples and even disappearing entirely in three
treatmenta

HMF Furfural

ction
(g per 100
gbiomass) Reduction

(g per 100
gbiomass) Reduction

8% 0.028 92.04% 0.010 95.31%
6% 0.046 82.49% 0.005 92.93%
9% 0.023 90.42% 0.012 95.75%
9% 0.009 94.25% 0.000 100%
7% 0.002 98.39% 0.001 99.65%
9% 0.042 76.94% 0.008 93.62%
3% 0.012 95.29% 0.005 97.45%
0% 0.050 72.92% 0.002 94.83%
7% 0.015 94.49% 0.005 98.24%
3% 0.035 85.77% 0.009 94.84%
6% 0.001 99.23% 0.000 100%
2% 0.001 98.58% 0.000 100%

t at 180 °C; 2 – pretreatment at 160 °C; A – pretreatment for 15 min; B –
r 60 min; 4–40% v/v ethanol content; 6–60% v/v ethanol content. HMF,

This journal is © The Royal Society of Chemistry 2023
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of them. The highest reduction exhibited by HMFwas 99.23% in
the sample pretreated at 160 °C for 30min with 40% v/v ethanol.
In contrast, the loss of organic acids was not as dramatic, with
acetic acid declining by 32.62% to 55.32%, and formic acid
declining by 3.12% to 36.87%. The presence of acetic acid along
with oligosaccharides might be benecial in feed formulations.
Prebiotic oligosaccharides (glucomannan) supplemented with
acetic acid was shown to be effective at decreasing the shedding
of Salmonella enteritidis in chicken feces, as well as in the re-
isolation of S. enteritidis from the liver, spleen, and cecum.60

Additionally, it allowed chickens to attain the highest nal body
weight but the lowest feed conversion rate (gfeed/ggain in body

weight), making it a promising strategy in feed trials.
Table 8 Lignin composition and molecular size characterization of pret

Code
Delignication
(%)

Cellulose
(% w/w)

Hemicellulose
(% w/w)

0A4 56.24 1.58 0.68
0A6 61.83 0.86 1.13
0B4 68.83 0.29 0.34
0B6 67.56 0.15 0.66
0C4 68.11 0.61 0.37
0C6 75.01 0.12 0.35
1A4 53.99 0.43 4.88
1A6 61.1 0.62 7.12
1B4 66.03 0.34 4.03
1B6 62.61 0.54 6.87
1C4 52.79 0.48 1.54
1C6 59.18 0.4 1.24
1D4 64.01 1.16 1.21
1D6 68.44 1.34 1.76
2B4 36.42 0.85 6.45
2B6 34.09 1.08 9.64

a Codes: 0 – pretreatment at 200 °C; 1 – pretreatment at 180 °C; 2 – pretreat
C – pretreatment for 45 min; D – pretreatment for 60 min; 4–40% v/v etha
weight; Mw, weight average molecular weight; DI, dispersity index (Mw/Mn

Table 9 31P NMR results showing the quantification of different hydroxy

Code
Aliphatic OH
(mmol g−1)

Aromatic OH (mmol g−1)

Condensed G-type H-typ

0A4 1.50 1.41 0.74 0.33
0A6 1.98 1.26 0.69 0.30
0B4 1.46 1.43 0.76 0.35
0B6 1.86 1.55 0.84 0.37
0C4 1.68 1.87 0.98 0.46
0C6 1.73 1.53 0.82 0.37
1A4 2.53 0.93 0.54 0.22
1A6 2.46 0.85 0.54 0.22
1B4 2.75 1.34 0.76 0.30
1B6 2.54 0.88 0.55 0.22
1C4 1.80 0.93 0.53 0.22
1C6 1.84 1.04 0.59 0.24
1D4 1.61 1.23 0.66 0.27
1D6 2.29 1.23 0.72 0.30
2B4 2.60 0.69 0.50 0.23
2B6 3.66 0.56 0.50 0.23

a Codes: 0 – pretreatment at 200 °C; 1 – pretreatment at 180 °C; 2 – pretreat
C – pretreatment for 45 min; D – pretreatment for 60 min; 4–40% v/v eth

This journal is © The Royal Society of Chemistry 2023
Lignin

Compositional analysis of the lignin fraction obtained aer
organosolv pretreatment of S. ramosissima is summarized in
Table 8. Undesired sugars were less abundant (<1%) following
pretreatment at 200 °C, reaching instead the highest value
(10.3%) in a pretreatment at only 160 °C. As stated previously
(Table 2), delignication was less pronounced at the lower
temperature, along with a duration of 15 min and 40% v/v
ethanol. These results t well the results of our previous study
on the optimization on organosolv pretreatment of S. dolichos-
tachya, where delignication was also temperature dependent
with values ranging from 15.3% at 160 °C pretreatment to
56.4% in the pretreatment performed at 200 °C and longer
reated S. ramosissimaa

Sugars (%)
Ashes
(%) Mn Mw DI

2.25 1.16 600 1100 1.83
1.99 1.15 800 2000 2.50
0.63 2.01 500 900 1.80
0.82 2.29 800 2300 2.88
0.97 0.41 600 1000 1.67
0.48 0.49 700 1700 2.43
5.31 2.70 600 1100 1.83
7.73 2.99 600 1100 1.83
4.37 2.86 600 1000 1.67
7.41 4.17 900 2400 2.67
2.02 1.52 600 1000 1.67
1.64 0.04 800 2100 2.63
2.37 1.28 600 1000 1.67
3.11 1.98 800 2100 2.63
7.3 4.52 600 1200 2.00

10.71 9.00 600 1200 2.00

ment at 160 °C; A – pretreatment for 15 min; B – pretreatment for 30 min;
nol content; 6–60% v/v ethanol content. Mn, number average molecular
).

ls present in the lignin fractionsa

Aliphatic OH/aromatic
OH

Acidic OH (mmol
g−1)e Total

2.49 0.60 0.59
2.26 0.88 0.57
2.54 0.57 0.61
2.77 0.67 0.59
3.31 0.51 0.77
2.72 0.64 0.57
1.69 1.50 0.45
1.61 1.53 0.49
2.40 1.15 0.61
1.65 1.54 0.53
1.68 1.07 0.51
1.87 0.98 0.47
2.16 0.75 0.52
2.24 1.02 0.53
1.42 1.83 0.52
1.29 2.84 0.67

ment at 160 °C; A – pretreatment for 15 min; B – pretreatment for 30 min;
anol content; 6–60% v/v ethanol content.
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pretreatment of 45 minutes achieved higher delignication
(60.7%) when compared to lower pretreatment time (46.1%).40

The number average molecular weight of lignin ranged from
500 to 900 Da, while the weight average was between 900 and
2400 Da. Moreover, 60% v/v ethanol generated lignin with the
highest molecular weight in all but the mildest conditions (180
Fig. 2 Structural representation of key functional motifs identified in the

3912 | Sustainable Energy Fuels, 2023, 7, 3902–3918
°C for 15 min and 160 °C pretreatments). The highest weight
average (>2000 Da) was recorded in samples pretreated with
60% v/v ethanol at 200 °C and 180 °C, except for the 60 min
pretreatment at 200 °C and the 15 min pretreatment at 180 °C.

To better understand the structure of lignin, we analyzed the
samples by 31P NMR (Table 9). The aliphatic hydroxyl content
HSQC analysis of lignins isolated from S. ramosissima samples.

This journal is © The Royal Society of Chemistry 2023
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exhibited a similar trend to sugar contamination (Table 8), with
higher values for pretreatments at 160 °C or short incubations
at 180 °C. Except for the latter, aliphatic hydroxyls were more
abundant with 60% v/v ethanol. The sample pretreated at
160 °C for 30 min with 60% v/v ethanol yielded the most
aliphatic hydroxyls (3.66 mmol g−1) and abundant acidic
hydroxyls (0.67 mmol g−1), but the least aromatic hydroxyls.
This nding thus corresponds to the nding of the higher sugar
contents when applying the lower treatment temperature of 160
°C. As reported for grasses, free phenols of syringyl (S)-, guaiacyl
Fig. 3 Exemplary HSQC analyses of the aliphatic region (top) and arom
ramosissima samples pretreated at 160 °C for 30min with 60% v/v ethano
in Fig. 2. For complete spectra of this and other samples, refer to the ES

This journal is © The Royal Society of Chemistry 2023
(G)-, and para-hydroxyphenyl (H)-type were detected within the
lignin fractions.61 The aromatic and acidic hydroxyls in lignin
obtained following pretreatment at 200 °C increased continu-
ously with increasing treatment duration at 40% v/v ethanol,
but only between 15 and 30 min at 60% v/v ethanol. Samples
pretreated at 160 °C displayed the lowest amount of aromatic
hydroxyls.

The structure of the extracted lignin was elucidated in
additional detail through quantitative 13C NMR and 1H–13C
HSQC as described previously62 (Fig. 2 and 3, S4–S19†). The
atic/anomeric region (bottom) of the lignin sample obtained from S.
l (2B6). Colors refer to the colors used for the structural representation
I.†

Sustainable Energy Fuels, 2023, 7, 3902–3918 | 3913
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Table 10 Content (mmol g−1) of lignin units, and interunit motifs for the respective organosolv treatments. The specific proton–carbon
correlations applied for quantification are indicated in parentheses or bolda

Motif/structure 0A4a 0A6a 0B4a 0B6a 0C4a 0C6a 1A4a 1A6a 1B4a 1B6a 1C4a 1C6a 1D4a 1D6a 2B4a 2B6a

b-O-4′ (to S) (CHa., CHb) (A) 0.23 0.24 0.14 0.16 0.10 0.15 0.57 0.46 0.41 0.44 0.27 0.31 0.35 0.35 0.40 0.26
b-O-4′ (to G/H) (CHa., CHb) (A) 0.17 0.16 0.11 0.12 0.09 0.13 0.35 0.25 0.24 0.27 0.19 0.20 0.23 0.24 0.25 0.13
b-b′ (CHa. CHb) (B) 0.32 0.30 0.27 0.23 0.29 0.31 0.49 0.45 0.40 0.43 0.29 0.33 0.41 0.35 0.34 0.24
b-5′ (CHa, CHb) (D) 0.11 0.10 0.08 0.07 0.09 0.09 0.15 0.11 0.13 0.12 0.09 0.10 0.13 0.11 0.09 0.06
Dibenzodioxocine (CHa, CHb) (F) 0.07 0.08 0.05 0.05 0.03 0.05 0.18 0.14 0.14 0.14 0.09 0.11 0.11 0.11 0.13 0.07
S (C2,6-H) 12.4 7.92 6.86 4.78 7.92 7.94 9.03 9.62 9.37 10.8 9.96 8.71 11.8 12.7 7.22 4.72
G (C2–H and C6–H) 10.6 7.15 7.56 7.22 9.23 10.5 10.0 9.83 11.0 8.81 6.10 10.2 9.07 8.60 5.61 3.51
H (C2,6-H) 3.82 2.05 1.75 2.20 2.84 3.48 4.03 4.01 4.01 3.89 2.52 3.86 2.70 3.31 3.04 2.33
(1-> 4)-b-D-Xylp (CH1.2.3.4.5) 0.01 0.04 0.01 0.02 0.00 0.00 0.24 0.28 0.15 0.24 0.09 0.06 0.06 0.12 0.11 0.13
PG 0.00 0.01 0.00 0.01 0.00 0.00 0.04 0.10 0.02 0.07 0.01 0.01 0.01 0.02 0.03 0.09

a Codes: 0 – pretreatment at 200 °C; 1 – pretreatment at 180 °C; 2 – pretreatment at 160 °C; A – pretreatment for 15 min; B – pretreatment for 30 min;
C – pretreatment for 45 min; D – pretreatment for 60 min; 4–40% v/v ethanol content; 6–60% v/v ethanol content.
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resulting motifs and concentrations (mmol g−1) are reported in
Table 10. The traditional interunit motifs found in lignin, such
as b-O-4′, b-5′, b-b′, and dibenzodioxocine, were readily detected.
For the latter, the C–H shis for all side-chain carbons (CHa,
CHb, and CHg) were distinguished, and quantied via correla-
tion with the quantitative 13C NMR using the cross-peaks at dH/
dC 4.90/71.26 and 4.22/84.54 respectively for CHa and CHb

(linked to G/H), as well as 4.88/72.04 and 4.13/85.88, respec-
tively (linked to S). The b-5′ structure was quantied on the basis
of CHa and CHb shis appearing at dH/dC 5.43/87.06 and 3.48/
52.98, respectively. Resinol (b-b′) was identied based on CHa,
CHb, and CHg shis at dH/dC 4.62/85.15, 3.06/53.52, and 4.78/
71.0, respectively, and quantied using only the CHa and CHb

signals.63 The dibenzodioxocine motif was quantied based on
CHa and CHb shis at dH/dC 4.57/80.09 and 4.01/86.67.64 The
most common G, S, and H aromatic units in lignin were located
and quantied using CH2 and CH6 shis at dH/dC 6.92/110.11
and 6.77/118.38,63 CH2,6 shi at dH/dC 6.61/103.38,63 and CH2,6

shi at dH/dC 7.23/128.28,65 respectively.
Fig. 4 Cellulose distribution in the different S. ramosissima fractions.

3914 | Sustainable Energy Fuels, 2023, 7, 3902–3918
The identity of the signals denoting the H-unit has been
a source of contention.66 Specically, while the area
surrounding the CH2,6 shi is somewhat populated, the shi
appearing at dH/dC 6.69/115.06 should result as the overlapping
signal from both the G5 and H3,5 groups, and correspond in
intensity to the sum of G2 and H2,6. In fact, signals originating
from non-lignin structures such as 1 / 4 linked b-D-xylopyr-
anose have been located in the spectra at dH/dC 4.24/97.38 (C1–
H),67 3.02/72.40 (C2–H), 3.28/74.02 (C3–H), 3.51/75.46 (C4–H),
and 3.30/62.90 (C5–H).68 In addition, signals for lignin-carbo-
hydrate complexes appear close to the anomeric region at dH/dC
4.72/100.88, attributed to phenyl glucoside linkages.67 A
comparison of the abundances of b-5′, b-b′, dibenzodioxocine,
and b-O-4′ interunit motifs with the sum of standard, i.e.,
unaltered, lignin G-, S-, and H-type aromatic units across the
various treatments indicates that the ratios vary according to
treatment times, indicating that the structures vary according to
the treatment conditions. The lignin was altered to contain,
according to current understanding,69 more condensed
This journal is © The Royal Society of Chemistry 2023
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structures and/or structures incorporating sugars in the form of
humins. Cross peaks are eventually identiable that indicate
humin-lignin interactions (Fig. 2 and 3, S4–S19†).
Mass balance

To evaluate the recovery of cellulose, hemicellulose, and lignin
in the streams obtained from organosolv pretreatment, the total
recovery of each compound was examined. As a result of
a thermal pretreatment of the biomass, considerable losses
exist due to degradation of compounds and this has been
described in many studies.52,70–73 As shown in Fig. 4, most of the
recovered cellulose was in the pretreated pulp fraction. The
lowest cellulose recovery was obtained following pretreatment
at 200 °C for 45 min with 40% v/v ethanol (0C4). The highest
Fig. 5 Lignin distribution in the different S. ramosissima fractions.

Fig. 6 Hemicellulose distribution in the different S. ramosissima fraction

This journal is © The Royal Society of Chemistry 2023
recovery and, therefore, best fractionation of cellulose were
attained with the same ethanol content but with longer
pretreatments at slightly lower 180 °C (1C4 and 1D4). Recovery
of cellulose in the lignin fraction accounted for only a minor
part (up to 1.3%) of the recovered cellulose. The highest values
were observed with the shortest pretreatments (15 min) at 200 °
C, which can be explained by their lower delignication values
(Table 2). Conversely, at 180 °C, more cellulose was recovered
from the longest pretreatment (60 min), which benetted
cellulose hydrolysis.

As shown in Fig. 5, lignin recovery was highest following
pretreatment with 60% v/v ethanol, whereby the recovered
content surpassed the initial amount of lignin. The increased
lignin recovery can be explained by the formation of pseudo-
s.

Sustainable Energy Fuels, 2023, 7, 3902–3918 | 3915
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Fig. 7 Cellulose enzymatic hydrolysis yields of Salicornia ramosissima pretreated biomasses.
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lignin, an aromatic oligomeric or polymeric structure derived
from furfural and HMF known to precipitate together with the
Klason lignin, and/or covalently bound humin–lignin
hybrids.69,74 In turn, both of these compounds are derived from
sugar degradation.74 As shown on Table 6, the furfural content
was higher following pretreatment with 40% v/v ethanol, while
HMF was higher in six out of eight pretreatments. We suggest
that ethanol composition affects the speed of sugar depoly-
merization, the consequent formation of furans, and conver-
sion to pseudo-lignin and/or covalently bound humin–lignin
hybrids. The latter can either solubilize in the liquor and appear
in the lignin fraction, or become deposited and repolymerized
within the solid fraction. Therefore, delignication ought to be
considered also in the mildest pretreatments. Except for
pretreatments at 160 °C and the shortest pretreatment at 180 °C
with 40% v/v ethanol, the highest lignin recovery as lignin
fraction was 77.9%.

The recovery of hemicellulosic sugars is shown in Fig. 6. The
time effect is noticeable for pretreatment at both 200 and 180 °
C, with signicant reduction in hemicellulose recovery with
increasing organosolv treatment duration. The majority of
hemicellulose-derived sugars were present in the liquid fraction
for most treatments. The lowest hemicellulose recoveries were
obtained upon pretreatment at 200 °C with 40% v/v ethanol for
30 or 45 min (which were also the only conditions when the
recovery was lower in 40% v/v ethanol). The amount of sugar
degradation products (levulinic and formic acids plus furans)
was temperature-dependent, with larger amounts attained at
a higher temperature. The current results, whereby a lower
recovery correlates with a more pronounced sugar degradation,
corroborate this trend.
Enzymatic saccharication

The saccharication of pretreated pulps was performed to
assess the viability of applications of the material in microbial
cultivation for fermentation, and the results are presented in
Fig. 7. The higher results of saccharication of 81% were ach-
ieved on the pretreatments at lower temperature that have lower
amounts of degradation compounds that can inhibit the enzy-
matic activity. On the pulps produced in the pretreatments at
200 °C, higher saccharication (48.9%) was achieved when the
pretreatment was performed for 15 minutes with 60% v/v
3916 | Sustainable Energy Fuels, 2023, 7, 3902–3918
ethanol content and besides the pretreatments of 15 minutes,
the saccharication was under 30%. Shorter pretreatments at
180 °C in addition to pretreatments at 200 °C presented higher
yields of saccharication and at this temperature, the advantage
of a higher ethanol content is also shown. These results show
that cellulose is readily hydrolyzed by enzymes to glucose and as
such can serve as a feedstock for different bioprocesses.
Conclusion

The present study demonstrates the applicability of residual
dejuiced bers of Salicornia ramosissima in a biorenery context.
Organosolv pretreatment was applied under 16 different condi-
tions and detailed analysis of the streams was performed to
elucidate the composition of the streams produced. With the
exception of three mildest pretreatments, the removal of hemi-
celluloses was higher than 80% and delignication was as high as
68.8%. The mildest pretreatments on the other hand yielded
higher hemicellulose fractions as well as an increased ratio of
oligomers in the samples. The main branched oligosaccharides
were hexurono-XOS/alduronic acids. Lignin fractions had low
sugar and ash contamination and small molecular weight, char-
acteristics desired for further applications. Overall our results
suggest the potential of applying residual bers of S. ramosissima
in a biorenery approach.
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