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ABSTRACT: Due to cotton’s declining sustainability, more
lignocellulosic materials are being used to produce dissolving
pulp for textile applications. Pre-hydrolysis kraft is one of the main
processes used to produce this material. Pre-hydrolysis under
conventional conditions removes most of the hemicelluloses, but
the majority end up as xylose and furfural, traditionally burned in a
recovery boiler. The xylooligosaccharides (XOS), derived from
hemicelluloses are a specialty product and can be recovered but
requires adapted operative conditions. Thus, the objective was to
recover XOS and evaluate the effect of pre-hydrolysis conditions on
the final pulp characteristics. A flow-through reactor (FTR) was
used to study the pre-hydrolysis, which allowed for modification of
the retention time of the xylan in the free liquor after extraction
from wood. The results have shown that by changing the fluid retention time in the pre-hydrolysis, the proportion of XOS/xylose/
furfural recovered can be strongly changed. The hemicellulose content of the dissolving pulp decreased from 6.8% to about 2.6%
using the FTR pretreatment.

■ INTRODUCTION
Nowadays, the use of nonrenewable sources to produce energy
has been condemned, giving rise to research into greener
methods such as the production of energy and chemicals from
renewable biomass, such as hardwood, softwood, and non-
wood plants. Wood biorefinery explores the fractionation
process of wood cooking, enabling the recovery of different
valuable compounds, such as cellulose fibers, hemicelluloses,
lignins, and extractives, which can be converted into phenol,
propylene, ethanol, etc.1 The exploration of different methods
to increase the production of high-value chemicals while
treating wood biomass may increase the biobased economy.

Kraft pulping is the main method for pulp production. In
this process, wood chips are cooked at high temperatures and
pressures with an alkaline solution seeking to remove lignin
and hemicelluloses.2 However, in addition to lignin, the harsh
conditions of this process cause carbohydrate degradation,
lowering the yield of the processes. In this type of pulp mill,
the lignin and the removed carbohydrates are mostly burned to
produce energy, an undervalue ending for some appealing
compounds. Nowadays, the potential of these extracted
compounds is not fully exploited, cellulose pulp being the
main product of this process. This material can be used in
miscellaneous applications such as printing, packaging, and
tissue papers.

In the last decade, however, a global increase in demand for
dissolving pulp has been observed due to the shortage of

cotton and its production environmental impacts. This pulp
has a high cellulose content (92−96%) and is known for its
high brightness level and relatively low but uniform degree of
polymerization.3,4 The low levels of hemicellulose and high
chemical purity can be achieved by different methods, the most
common being the pretreatment of wood chips by an acid
hydrolysis process before kraft cooking. This process allows the
removal of hemicelluloses to a high extent.5

Dissolving pulp can be used to make highly refined products
like viscose, a semisynthetic fiber with similar characteristics as
cotton and linen, as well as to produce lyocell fibers, a different
semisynthetic product made in a more environmentally
friendly process due to high solvent recovery yield (99.5%).6

In addition to the characteristics already mentioned, high
reactivity is required to produce various cellulose derivatives
like acetate, rayon, and cellophane with the most widespread
applications in the food and textile industry.7 The different
production processes can and will impact the dissolving pulp’s
qualities.
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Relating to the valorization of dissolving pulp production,
the value of the compounds in the hydrolysates must be high
to give economical sustainability to the recovery process,8 and
xylooligosaccharides can fulfill this requirement.

Xylooligosaccharides have nutraceutical properties9 and can
be obtained from hardwood species because the hemicelluloses
in hardwoods are mainly xylans. As an example, Eucalyptus
globulus can yield 23% of the total carbohydrate as xylose.10

The xylooligosaccharides (XOS) with low degrees of polymer-
ization, mainly xylobiose, xylotriose, and xylotetraose (X2−X4)
have high potential due to their probiotic effect, explained by
the selective metabolism of Bif idobacterium for these
compounds.11,12 Furthermore, X2 is 30−40% times sweeter
than sucrose, increasing its value for the food industry as a
healthier sweetener alternative.13

There are several methods for producing xylooligosacchar-
ides, including enzymatic (e.g., xylanase) or hydrothermal
hydrolysis of xylan after previous extraction, usually using a
strong alkali stage applied on the chemical paper pulp.14−18

This approach adds one additional step to the wood-based
biorefinery, increasing the overall cost of the process. So, the
recovery of the compounds from the pre-hydrolysis stage of
the pre-hydrolysis kraft process deserves investigation.
However, it is well known that the hydrolysate produced
under conventional conditions presents significant amounts of
xylan degradation products. To overcome these constraints,
the effects of different pre-hydrolysis conditions were evaluated
to achieve the optimal conditions to accomplish the following
two objectives: XOS recovery optimization and to produce
dissolving pulp simultaneously.

In this study, wood pre-hydrolysis was carried out in two
reactor systems: a conventional batch reactor, where the
extracted compounds remain in the reaction medium during
the total reaction time, and a flow-through reactor, where the
mean retention time of the extracted compounds can be
controlled. The solid residues were subjected to kraft cooking
under standard conditions, and the effect of pre-hydrolysis
conditions on pulp was also evaluated.

■ MATERIALS AND METHODS
Raw Materials. E. globulus wood chips (3−4 mm

thickness) supplied by Biotek S.A. (Vila Velha de Rodão,
Portugal) were used to produce pre-hydrolysis-kraft pulp
(PHK pulp). The chips were air-dried at room temperature
and reached 8% of moisture content before storage. The
production of pre-hydrolysis-bleached kraft pulp comprises the

following three steps: pre-hydrolysis, kraft cooking, and
bleaching. All of the chemicals used in the experiments were
analytical reagents provided by Sigma-Aldrich.

Pre-Hydrolysis. The first step aims for hemicellulose
removal and was carried out using the following two
approaches: using a batch reactor under autohydrolysis
conditions and a flow-through reactor (FTR).

Batch hydrolysis was conducted in stainless steel reactors
with a 150 mL total volume attached to a mechanical rotating
shaft, enabling the vessel to be immersed in an oil bath with
temperature control. Before the assays, 20 g (oven-dry base) of
wood chips were impregnated overnight with water at room
temperature, using an L/W ratio of 5/1 (w/w). The heating
ramp takes 90 min until it reaches the final temperature of 148
°C. The treatment continued for 210 min, after which the
reactor was cooled in flowing tap water to stop the reaction.
The final pH of the resulting liquor was about 3.5 due to the
production of acetic and formic acids during the treatment.

The FTR system (Figure 1) comprises a solution reservoir, a
membrane pump, an oil thermostatic bath, a metal coil to
ensure that the fed solution attains the objective temperature
before entering the reactor, a 300 mL reactor immersed in the
oil, a heat exchanger to cool down the solution after the
reaction, and a needle valve to control the flow rate and to
maintain the hydraulic pressure in the system.

The aqueous solution fed continuously to the reactor was a
pH 3.5 acetic acid solution, aiming to simulate the reaction
medium of the batch system; 40 g (oven-dry base) of wood
chips were used in each assay, after water impregnation
overnight. The temperature profile of the FTR system was the
same as the batch system. In the FTR system, the liquor flow
rate could be changed, and samples of the hydrolysate were
taken in 20 min periods for carbohydrate composition analysis.

Six different pre-hydrolysis conditions were applied before
kraft cooking. The wood chips were pretreated in two different
reactors: the batch reactor (Batch) and the flow-through
reactor (FTR). Table 1 shows the temperature, reaction time,
flow rate, and the corresponding average liquid retention time
(estimated based on the wood chips’ free reactor volume and
the liquid flow rate) for the different assays.

Kraft Cooking. Kraft cooking took place in a 150 mL batch
reactor, using the solid residue from the pre-hydrolysis
treatment. The reaction conditions were as follows: maximum
temperature: 148 °C; time at maximum temperature: 180 min;
alkali charge: 24% (as active alkali, expressed as NaOH and

Figure 1. Schematic diagram of the flow-through reactor, hydrolysate recovery, and analytical system.
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based on the wood); sulfidity: 30%; L/W: 5/1; H factor: 400
(including the heating ramp time).

Characterization of Wood and Solid Residues. Wood
chips were milled following TAPPI 257, and the extractive
content was determined with a Soxhlet apparatus successively
with dichloromethane, ethanol, and water for 4 h in each
solvent, no less than 24 cycles according to the TAPPI T-204
method. The solvent was dried, and the round-bottom flasks
were weighed to determine the extractive content after each
extraction.

Acid-insoluble and soluble lignins were quantified according
to the TAPPI standard method T222 om-02 for extractive-free
wood by two-step acid hydrolysis with 72% (w/w) and 4% (w/
w) sulfuric acid. The last hydrolysis was accomplished by
autoclaving the sample at 121 °C for 60 min according to the
NREL/TP-510 standard in a 2540 mL vapor autoclave
(Tuttnauer). The insoluble lignin was determined gravimetri-
cally after filtering the hydrolysate through a filter crucible
(DURAN, filter crucible, 50 mL, porosity 2). The acid-soluble
lignin content was determined using a UV−visible spectropho-
tometer (Spectronic Helios Gamma UV−Vis, Thermo Fisher
Scientific). The absorbance of the filtrate after acid hydrolysis
was measured at a wavelength of 205 nm with an absorption
coefficient of 110 (g/mL)−1, as described by ISO/DIS 21436:
pulps�determination of the lignin content�acid hydrolysis
method. This filtrate was also used to determine the
carbohydrate compositions of the wood. The same procedure
was followed for the solid residue but omitting the initial
extraction with the solvents.

Hydrolysate Characterization. Hydrolysate samples were
analyzed for monosaccharides, oligosaccharides, and degrada-
tion products by high-pressure liquid chromatography
(HPLC), using a refractive index (RI, RefractoMax 520) and
a photodiode array (Accela PDA detector (80 Hz), from
Thermo Scientific, EUA) as detectors, after being filtered with
a nylon syringe filter of 0.45 μm (Kinesis, U.K.). The
hydrolysates have monosaccharides, oligosaccharides, and
degradation products and the main objective of this work
was to discriminate between them. Therefore, on the one hand,
the hydrolysates were analyzed without additional hydrolysis to
identify and quantify the monosaccharides, furfural, hydrox-
ymethylfurfural (HMF), glucuronic acid, and acetic acid, and
on the other hand, were analyzed after additional acid
hydrolysis (quantitative post-hydrolysis) to convert the
oligosaccharides into monosaccharides. This additional hydrol-
ysis was carried out at 121 °C for 1 h after adding to the
samples the required volume of sulfuric acid to attain a 4% (w/
w) sulfuric acid concentration. The increase in the
concentration of monosaccharides and acetic acid enables us
to estimate the concentration of xylooligosaccharides (XOS).

Two columns were used to determine the monosaccharides
and degradation products: the Rezex ROA−Organic Acid H+

for the acid medium; the Rezex RPM−Monosaccharide Pb+2

for the neutral medium. The last one enables the identification
of glucose, xylose, arabinose, mannose, galactose, glucuronic
acid, and acetic acid, using mobile phase Milli-Q water with a
flow rate of 300 μL/min and a controlled temperature of 70
°C. The first one, working in an acid medium, identifies the
acids and the sugar monomer but merges into one peak xylose,
mannose, and galactose, using as eluent 0.005 N sulfuric acid at
a flow rate of 300 μL/min at 70 °C. The compound
concentrations in the hydrolysates were quantified using
calibration curves from purchased standards ranging from 0
to 3 g/L. The concentration was converted into the amount of
compound, taking into account the volume of hydrolysate. The
amount of sugar monomers was converted into the
corresponding amount of the polysaccharides in wood,
considering the water molecules introduced in the hydrolysis.

The hydrolysates were neutralized with CaCO3, filtered, and
fractionated in a Rezex RSO−Oligosaccharide Ag+ column and
the respective guard column with Mili-Q water at 400 μL/min
and 70 °C to identify the xylooligosaccharides (XOS). The
results were compared with xylose, xylobiose, xylotriose,
xylotetraose, xylopentaose, and xylohexose (X1−X6) standards
from Megazyme, Ireland, and quantified using a refractive
index detector.

XOS higher than X6, and X2−X3 ratios were calculated by
the following equations

XOS total xylose X1 X6DP 6 = [ ]> (1)

X2 X3 yield
X1 X2

total xylose
100= [ ] ×

(2)

where total xylose means all of the polysaccharides that give
xylose by hydrolysis.

Severity Factor. An empirical variable, the severity factor
proposed by Overend and Chornet,18 was used to integrate
time and temperature to allow the comparison with the
literature results. Equation 3 defines the severity factor (R0)

R t T
log exp

100
14.750 = ×i

k
jjj y

{
zzz (3)

t = pre-hydrolysis time (min) and T = pre-hydrolysis
temperature (°C).

In the present work, the severity factor was used in the
following two different contexts: it was applied to the solid
residue, taking into account the temperature/time profile felt
by the solid, and it was also used to quantify the severity felt by
compounds after being released from the wood into the liquid
medium in the FTR system.

Statistical Analysis. All values reported in this study are
the average of feedstock duplicates and experiments carried out
in triplicate. The results are expressed as the mean ± standard
deviation. Regression analysis was performed with Excel
(version 2016; Microsoft) and analysis of variance with SPSS
(version 26, SPSS Inc.) using the one-way ANOVA. The
criterion for statistical significance was p < 0.05.

■ RESULTS AND DISCUSSION
The chemical composition of the E. globulus wood sample used
in this study was the following: 53.4(±1.5)% glucose,
14.2(±0.7)% xylose, 2.9(±0.4)% arabinose, 2.0(±0.4)%
galactose, 0.8(±0.5)% glucuronic acid, 1.2(±0.3)% acetic

Table 1. Pre-Hydrolysis Conditions in a Flow-Through
Reactor (FTR) and Batch Reactor (Batch)

assays
temp,

°C
time,
min

flow rate
(mL/min)

average retention time
(min)

FTR-1 148 210 10 22.0
FTR-2 148 210 25 8.8
FTR-3 148 210 50 4.4
FTR-4 158 124 25 8.8
batch 148 210
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acid, 23.9(±0.5)% lignin, and 1.6(±0.2)% of extractives
(dichloromethane, ethanol, and water).

Pre-Hydrolysis. Wood pre-hydrolysis was carried out
under batch mode (both solid and liquid) and under
continuous mode for the liquid, whereas the solid remains in
batch mode (flow-through reactor). From the batch reactor, in
the end, results a single hydrolysate sample, whereas from the
FTR system, several hydrolysate samples were recovered; these
samples were analyzed, and the integrated values calculated, or,
in some assays, a liquid-composed sample was obtained. The
next section reports the values of the hydrolysate composite
samples.

Characterization of Hydrolysate Composite Samples.
The hydrolysates were subjected to three HPLC chemical
analyses to determine the monosaccharide composition (in
which the samples were post-hydrolyzed with sulfuric acid to
convert the oligosaccharides into monosaccharides), degrada-
tion compounds, and xylooligosaccharides. Table 2 shows the
monosaccharide composition (after analytical post-hydrolysis)
of the hydrolysate composite samples for the different
operating modes, namely, liquid in batch mode (Batch) and
liquid in continuous mode (FTR). The comparison of the total
amount of identified compounds by HPLC and the solid
removed is also included in the table and there is, in general, a
good agreement. The small differences are probably due to the
volatile compounds not accounted for in the HPLC analysis
(e.g., furfural degradation compounds and acetic acid19).

The pre-hydrolysis stage allowed the removal of 65−90% of
the total xylan in wood (as xylose and furfural) and 6−12% of
the total glucose-based polymers present in the biomass. These
values are in agreement with those published by other
authors.20−22 Using birch sawdust and a flow-through system
fed with water, Wojtasz-Mucha22 achieved solid removal of
29−35%, which is similar to those reported in the present
work.

As will be shown in the next sections, the effect of the pre-
hydrolysis conditions has a huge impact on the composition of
the recovered compounds. The conventional batch system
(Batch) removed close to 65% of the hemicelluloses in the
wood, but about 50% is as furfural, a degradation product of
C5 sugar monomers. These values are expected considering
the high retention time of the dissolved saccharides in the
reaction medium in batch operating mode. In agreement with
the present results, Leschinksy5 working in a batch system with
E. globulus, at 170 °C for 60 min, and other authors9,23 have
reported similar results.

The FTR system operating at the same temperature (148
°C) and time removed, on average, 79.6% of the hemi-

celluloses in the wood, which represents a 23% increase
compared to the batch system (15.5 g vs 12.6 g).

The conversion of the xylan derivatives to furfural is another
important issue from a biorefinery perspective. The batch
mode is the most efficient if the objective is recovering furfural.
On the contrary, if the aim is to maximize recovery of xylan
derivatives, such as monomers and oligomers, the FTR system
presents advantages. In fact, the fraction of xylan extracted
from wood and recovered as xylose and xylooligosaccharides
increased from 51 to 90% (FTR-3) for batch mode and FTR
mode, respectively.

Regarding the glucose-based polymers (mainly cellulose),
despite the increase of glucose detected in the FTR samples,
the batch system removed higher quantities of glucose-based
polymers, considering that hydroxymethylfurfural is a degra-
dation product derived from C6 sugars. As galactose (C6
sugar) only represents 0.8% of wood, the main contribution to
HMF certainly comes from glucose-based polymers (mainly
cellulose).24 Overall, the batch system removes 13.5% of
glucose, while the FTR system at the same temperature
removes on average 10.8% of the initial glucose-based polymer
in wood. Even though the temperatures in both reactors are
the same, the pH profiles are slightly different. The batch
system is prehydrolyzed by autohydrolysis and a final pH of 3.2
is obtained, while the FTR system requires a dilute acid feed to
provide the acidic pH for hydrolysis; in this case, a feed of 3.5
pH was facilitated based on the estimated average pH in the
batch system. In this way, one of the causes of the enhanced
cellulose removal in the batch system could be the variation in
the pH profile. In fact, Huang25 observed an increase of
cellulose retention in the solid residue by 10% when the pH of
the hydrothermal pretreatment increased from 3 to 4, followed
by a reduction when the pH was further increased to 5.5,
showing the importance of pH in the pretreatment.

Additionally, Jara26 showed the increased dissolution of
cellulose when lowering the pH from 3 to 2, an undesirable
behavior when aiming to produce dissolving pulp.

Despite the specificity of pre-hydrolysis to remove hemi-
celluloses, a sizable amount of glucose was removed in the
present work (removal above 10%). Similar results were
reported by Batista27 for sugarcane straw and by Harris,28 who
removed 10% of the glucose in the raw material (hardwood red
oak) using acid hydrolysis but using a significantly shorter
treatment period and higher temperatures. On the other hand,
Garrote29 reported a value lower than 1%.

The increase of temperature from 148 to 158 °C, but at the
same severity factor, in the FTR system led to an increase of
extraction in both glucose-based and xylose-based polymers,

Table 2. Compounds in the Hydrolysate Based on the Wood’s Initial Mass (100 g)

batch FTR-1 FTR-2 FTR-3 FTR-4

glucose 3.6 ± 0.1a 4.8 ± 0.2b 4.3 ± 0.1b 4.8 ± 0.1b 6.7 ± 0.2d

xylose 5.9 ± 0.1a 9.9 ± 0.2b 11.8 ± 0.2c 12.4 ± 0.3c 7.3 ± 0.1d

galactose 0.8 ± 0.1a 1.3 ± 0.1b 1.4 ± 0.2b 2.0 ± 0.2c 1.1 ± 0.2a,b

glucuronic acid 0.1 ± 0.05a 0.4 ± 0.1b 0.2 ± 0.05a 0.4 ± 0.1b 0.7 ± 0.1d

arabinose 0.2 ± 0.1a 0.7 ± 0.1b 0.4 ± 0.1c 0.6 ± 0.1b,c 0.3 ± 0.1a,c

lignin 2.6 ± 0.1a 3.4 ± 0.1b 3.6 ± 0.1b 3.3 ± 0.1b 4.7 ± 0.2c

HMF 3.6 ± 0.2a 1.0 ± 0.1b 1.2 ± 0.1b 0.7 ± 0.1c 2.7 ± 0.2d

furfural 5.6 ± 0.3a 3.1 ± 0.1b 2.6 ± 0.1c 1.3 ± 0.1d 5.3 ± 0.2a

recovered (HPLC analysis) 22.4 ± 1.1a 24.6 ± 1.0b 25.5 ± 0.9b 25.5 ± 1.1b 28.8 ± 1.3c

solid removed (g) 25.2 ± 0.2 26.9 ± 0.2 28.1 ± 0.3 27.5 ± 0.3 29.7 ± 0.3

Samples with different letters in the same row have significant (p < 0.05) differences (n = 3).
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from 10.8 to 17.6% and from 79.6 to 88.7%, respectively,
placing in evidence the key role of temperature on pre-
hydrolysis of wood. The time profile of the glucose-based
polymer extraction will be discussed later in the paper.

Lignin is one of the major obstacles to lignocellulosic
biomass refinery.30 Pre-hydrolysis induced the removal of 11−
19% of lignin from E. globulus wood, which, at first glance,
could be considered a positive result but can represent a
complication for the purification of XOS after extraction. A
small percentage of lignin in wood is acid soluble31 and
represents the major lignin removed in this phase. Additionally,
some lignin in wood can suffer depolymerization by acid-
catalyzed cleavage of the β-O-4 bonds, resulting in lignin with a
lower molecular weight5,32 and more easily dissolved, which
will enhance lignin removal in the next stage of kraft cooking.
Data in Table 2 show that the batch system removed a lower
amount of lignin than the FTR system (11% vs 14%). This can
be explained by the condensation/precipitation of the
dissolved lignin fragment33 and the impossibility of elution
as in flow-through systems.

The impact of the mean retention time of the liquid in the
FTR on the extraction extent and degradation of the wood
components is another topic addressed in the present work.
The global amount of wood components extracted from the
wood increases, in general, with the liquid flow rate and it is
significantly higher than in the batch system. Regarding xylan
derivatives (xylose and furfural included), the effect of the
liquid flow rate is small, but it is very significant on the xylose

degradation product (furfural). The percentage of furfural in
the xylan derivatives recovered decreased from 23.8 to 9.5%
when the liquid mean retention time in the FTR decreased
from 22 to 4.4 min. On the other hand, when the maximum
temperature was increased from 148 to 158 °C, even though
with the same solid severity factor (i.e., higher temperature, but
lower treatment time) and the same liquid flow rate, the
percentage of furfural increased from 18% (FTR-2) to 42.1%
(FTR-4). These results are at first glance in accordance with
the increase of the liquid severity factor from 2.35 to 2.65.

In resume, the extracted compounds’ retention time in the
reaction medium and the reaction temperature have a huge
impact on the furfural/xylan derivatives’ ratio. Figure 2 shows
this ratio as a function of the severity factor felt by the
extracted compounds in the liquid phase. Despite the batch
treatment representing a chemical environment slightly
different and the retention time considered in the severity
factor estimation is not felt by all of the extracted compounds
because the extraction takes place along the treatment and not
at the beginning, there is a high correlation (R2 = 0.993) for all
of the experiments carried out at 148 °C. The experimental
point corresponding to the 158 °C is an outlier, and put in
evidence the strong dependence of furfural formation on the
reaction temperature. In fact, Nabarlatz14 reported an
activation energy of xylose to furfural conversion of 136.9
kJ/mol, which is substantially higher than the assumed value in
the severity factor (about 90 kJ/mol in the temperature range
of 140−160 °C). Therefore, the position of the 158 °C assay in

Figure 2. Furfural/xylose derivatives’ ratio, as a function of the effective severity factor.

Table 3. Pre-Hydrolysis Effect on XOS Recovered (Based on 100 g of Initial Mass)

batch FTR-1 FTR-2 FTR-3 FTR-4

total, g (%), XOS + xylose + furfural 11.5 13.1 14.4 13.7 12.6
X1, g (%) 1.6 ± 0.1 2.2 ± 0.1 1.2 ± 0.1 0.9 ± 0.1 0.8 ± 0.1

(13.9%) (16.8%) (8.3%) (6.6%) (6.3%)
X2−X3, g (%) 0.7 ± 0.1 2.2 ± 0.2 3.6 ±0.2 2.4 ± 0.1 1.8 ± 0.1

(6.1%) (16.8%) (25.0%) (17.5%) (14.3%)
X4−X6, g (%) 0.4 ± 0.1 1.2 ± 0.1 2.0 ± 0.1 2.4 ± 0.2 0.7 ± 0.1

(3.5%) (9.2%) (13.9%) (17.5%) (5.6%)
XOSDP > 6, g (%) 3.2 ± 0.1 4.4 ± 0.1 5.0 ± 0.2 6.7 ±0.3 4.0 ± 0.2

(27.8%) (33.6%) (34.7%) (48.9%) (31.7%)
furfural, g (%) 5.6 ± 0.1 3.1 ± 0.1 2.6 ± 0.1 1.3 ± 0.1 5.3 ± 0.2

(48.7%) (23.6%) (18.1%) (9.5%) (42.1%)
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Figure 2 is justifiable, i.e., a much higher conversion of xylose
to furfural when the liquid temperature was increased from 148
to 158 °C.

The presence of high quantities of furfural and hydrox-
ymethylfurfural in the hydrolysates was also reported by several
authors.34−36 Furfural can be used to replace petrochemicals
and as an intermediate for the production of resins and
biofuel.37,38

In this work, however, the focus is on xylooligosaccharides,
high-value compounds with probiotic potential, which can be
produced by xylan depolymerization. In this section, all of the
xylooligosaccharides and xylose were quantified as xylose, but
in fact, most of them are oligosaccharides. So, the next section
follows the xylan−XOS−xylose−furfural pathway to reduce
degradation and increase the recovery of XOS.

Effects of Pre-Hydrolysis Conditions on XOS Poly-
merization Degree. As previously mentioned, xylooligosac-
charides with a low degree of polymerization have an added
value when compared with xylose and furfural. In this way,
Table 3 characterizes the different hydrolysates regarding the

amount of recovered compounds and their corresponding
proportions (values in parenthesis).

The experimental results provide a significant contribution
to understanding the effect of the liquid (more precisely, the
compounds dissolved in the liquid), residence time (flow rate),
and temperature on the proportion of XOS recovered. As
expected, the highest retention time (Batch) produced the
lowest proportion of XOS with DP > 6 (27.8%) and the
highest proportion of furfural (48.7%). On the contrary, the
assay with the lowest liquid retention time at 148 °C (FTR-3)
exhibits the highest proportion of XOS with DP > 6 (48.9%)
and the lowest furfural (9.5%). No comparable data are
available in the literature, but similar trends were reported by
other authors.21,39

Increasing the liquid flow rate in the FTR from 10 mL/min
(FTR-1) to 25 mL/min (FTR-2), corresponding to the
decrease in the mean retention time from 22 to 8.8 min,
decreased the xylose content from 16.8 to 8.3% and the furfural
content from 23.6 to 18.1%, which can be attributed to the
shorter retention time of the released compounds inside the

Figure 3. Influence of retention time on X2−X3 recovery yield (based on the total xylan in wood, n = 3).

Figure 4. Proportion of xylooligosaccharides (XOSDP > 6, X1, X2, ···, X6) and furfural, for the different assays.
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reactor. On the contrary, the XOS with DP > 6 increased from
33.6 to 34.7% (25 mL/min) and 48.9% (FTR-3; 50 mL/min)
when the flow was raised, showing the importance of retention
time in reaction medium for XOS depolymerization. This issue
is particularly important because the xylan derivatives with the
highest added value are xylobiose (DP = 2) and xylotriose (DP
= 3). From the experimental results, the need to optimize the
retention time to maximize the production of X2 and X3 is
evident (Figure 3). According to our experimental results, the
liquid flow of 25 mL/min (FTR-2; average liquid retention
time of 8.8 min) resulted in the highest proportion of X2−X3,
but a major part of the xylan extracted remained with DP > 6
(34.7%), and 18.1% was degraded to furfural. On the other
hand, the comparison of FTR-2 (148 °C) with FTR-4 (158
°C), with the same liquid flow rate, reveals the key role of
temperature; furfural increased from 18.1 to 42.1%, and the
X2−X3 percentage decreases from 25.0 to 14.3%. The batch
mode of operation is certainly not an acceptable procedure for
X2−X3 production (6.1%) but a good solution for furfural
(48.7%).

Figure 4 compares the relative proportion of the different
xylan derivatives (XOSDP > 6, X1, X2, ···, X6, and furfural) for
the various pre-hydrolysis conditions, including the influence
of the liquid flow rate and temperature.

Considering the low furfural content and the very high
XOSDP > 6 content of the hydrolysate from the FTR-3 assay (50
mL/min; average liquid retention time, 4.4 min), the
possibility of further processing this hydrolysate is a promising
option to enhance the yield of X2−X3 by controlled
depolymerization.

The difficulty in maximizing X2−X3 yield in a single
reaction step observed in the present work is supported by
kinetic studies. In fact, sequential reactions with different
optimum temperatures and chemical environments are
involved in the chain conversion of xylan−xylooligosacchar-
ides−xylose−furfural. Garrote29 working with E. globulus,
under autohydrolysis conditions, using a pseudo-first-order
reaction rate for the sequential steps, provide activation energy
and pre-exponential factor that indicate that at 148 °C, the
xylan to XOS_H (XOS with high molecular), XOS_H to
XOS_L (XOS with low molecular), and XOS_L to xylose
exhibit reaction rates constants of similar values; the

conversion of xylose to furfural is about 1 order of magnitude
lower. When the temperature increased to 160 °C, the
conversion rate of XOS_H to XOS_L is about one-half of the
other conversion rates, except the conversion of xylose to
furfural, which remains 1 order of magnitude lower than the
others. Other authors specified results for strongly acidic
hydrolysis conditions for different raw materials, and the
results are diverse.14,40,41 Henriques,40 working with the xylan
extracted from E. globulus pulp, shows the faster kinetics of
xylan conversion to XOSDP > 6, while the conversion of these
xylooligosaccharides to XOS2 < DP < 6 and xylose are slower.

There are several routes to obtain XOS; most of the studies
have been focused on the depolymerization of xylan after their
extraction with strong alkaline solutions directly from the raw
material or from the pulp,42−44 using an acidic medium or
xylanase. For example, Wang44 used xylanase to cleave a xylan-
rich sample obtained by alkali extraction of pulp into
xylooligosaccharides; xylobiose and the xylotriose yield reached
90.5% of the X2−X6 fraction in an 8 h reaction, but the X2−
X6 yield was 42.96%, which gives an effective yield of about
39% for the X2−X3. This yield is much higher than that
obtained in our work (25.2%); the X2 and X3 are obtained
without significant contaminants but do not consider the xylan
extraction yield. Samanta43 also worked with xylan extracted
with NaOH and using xylanase reported an X2−X3 yield
(based on total xylan) of 17.0%, which compares with the
results of our study.

Our process, however, requires X2−X3 purification, but the
global process can be more sustainable because the strong
alkaline solution used in the xylan extraction is absent. In
addition, the strong alkaline medium used to extract xylan led
to the removal of the substituent group along the xylan
backbone, which plays a key role in their biological activity.45

In fact, the arabinan content of an alkali-extracted xylan was
only about 0.1%.44 On the other hand, it is also clear that most
of these substituent groups are removed during batch
autohydrolysis of lignocellulosic materials.

Nonetheless, when the FTR procedure successfully
preserves the majority of the substituent groups in the xylan
backbone, the hydrolysates must be post-treated to maximize
the X2−X3 percentage. Considering the results in Figure 4 and
the literature results, indicating the high selectivity of the

Figure 5. Time profiles of glucose, xylose, mannose, and galactose merged (X/M/G), arabinose, glucuronic acid, furfural, and lignin for FTR-2 (25
mL/min).
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enzymatic hydrolysis, the post-hydrolysis of the acid hydro-
lysate from FTR-3 with xylanase seems to be an interesting
approach to be investigated in the future.

Component Recovery Time Profile. Instead of the
composite sample approach, this section focuses on the wood
components’ recovery along the treatment time. To do so, the
FTR system was used, and samples of the hydrolysate were
taken 20 min apart and characterized in terms of composition,
including the XOS degree of polymerization.

Figure 5 illustrates the time profile of the identified
components in the hydrolysate sample (after analytical post-
hydrolysis) recovery every 20 min (first sample recovered at a
70−90 min interval). The results correspond to the FTR-2
assay (25 mL/min, 148 °C, 290 min), and glucose, xylose,
mannose, galactose, glucuronic acid, furfural, and lignin were
quantified. Hydroxymethylfurfural was not detected in
significant amounts.

For all flow rates tested, a significant peak of glucose was
observed at the beginning of the assays, even in the heating-up
period (0−90 min). This behavior is at first glance unexpected
based on the chemical and structural compositions of cellulose
and hemicelluloses. Cellulose presents a high crystallinity index
and a very high molecular weight, characteristics not favorable
to dissolution/degradation at moderate temperatures. The first
sample (70−90 min) corresponds to the heating-up period just
before reaching 148 °C; the acidic conditions were also
moderate (pH = 3.5). On the other hand, several authors46−48

reported the presence of significant amounts of starch in E.
globulus wood samples (0.5−1.8% of the dry wood), depending
on the growth conditions of the tree and sapwood/heartwood
ratio. Both cellulose and starch are made up of several units of
glucose and have the same chemical formula (C6H1005)n;
however, the amorphous structure of starch, when heated at
60−70 °C, makes it easily hydrolysable.49,50 Therefore, it can
hypothesized that the glucose identified in the samples
corresponding to the early stages of the treatment comes
from the starch. To test this hypothesis, wood chips were
impregnated overnight, and the liquid was removed before the
pre-hydrolysis treatment (on the contrary, in the standard
procedure, the impregnation water goes to the pre-hydrolysis).
Starch was detected in the impregnation water as glucose and
the values detected in the early stages of the pre-hydrolysis
treatment decreased significantly, confirming the hypothesis.

Similar behavior was reported by Peng,50 where selective starch
extraction was done at 80 °C.

Xylan is a polysaccharide composed of a β(1,4)-linked xylose
backbone that carries acetyl, glucuronic acid, and arabi-
nose.51−54 The hydrolysis of xylan at high temperatures
releases acetic acid and glucuronic acid, being one of the
reasons for the decrease in pH during autohydrolysis. The
profile of acetic acid was not detectable in the FTR assays due
to the acidification of the feed stream with this acid.

The presence of arabinose and other substituents (i.e.,
ferulic acid and p-coumaric acid) in the XOS plays a key role in
their biological activity.55,56 Figure 6 shows the arabinose/
xylose ratio along the hydrolysis treatment where it is evident
that only the xylan recovered in the initial phases of the
treatment (samples 70−130 min) may preserve their arabinose
content. In fact, most of the xylan recovered (after 150 min)
does not exhibit arabinose. Previous studies,29 carried out
under batch mode in the liquid phase, also provide information
that arabinose is liberated into the liquid medium in the early
stages of the autohydrolysis treatment and the arabinose/
xylose ratio is of the same magnitude. It should be emphasized,
however, that the arabinose recovered can come by diffusion
from the solid after in situ hydrolysis or/and be hydrolyzed in
the free liquid phase after xylan dissolution and diffusion to the
free liquid.

To determine if arabinose is present in free form as a
monosaccharide or as a substituent group in the xylooligo-
saccharides recovered, additional analysis of the raw hydro-
lysate sample and of the same sample after analytical hydrolysis
(post-hydrolysis) was carried out. The arabinose identified (as
monosaccharide) increased 4-fold (from 0.1 to 0.4 g/100 g of
wood) after the analytical post-hydrolysis, revealing that most
of the arabinose is attached to the xylooligosaccharides
recovered by the procedure presented in this paper.

The results in Figure 5 also show that glucuronic acid is only
recovered in a significant amount in the eluted liquid sample
corresponding to 90−110 min, confirming the lability of this
substituent in the xylan backbone.

Furfural, on the other hand, is a byproduct of xylose and
other 5-carbon sugars (arabinose) and reaches its maximum
with the maximum of xylose (addition analysis confirmed that
xylose represents over 90% of the X/M/G fraction). This
conversion of xylose to furfural certainly occurs in the free
liquid in the reaction medium and the low proportion of this

Figure 6. Arabinose/xylose ratio profile along the treatment time.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07594
ACS Omega 2023, 8, 13626−13638

13633

https://pubs.acs.org/doi/10.1021/acsomega.2c07594?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07594?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07594?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07594?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


compound is a good signal that precursor compounds are
being removed before degradation.

Significant amounts of lignin are removed along the
treatment time (Figure 5); the contribution of furfural in
reactions leading to the “lignin” structure cannot be discarded
but it is likely not to have a noteworthy effect based on the low
concentration of furfural in the medium due to the continuous
elution.

Figure 7 illustrates the global amount of xylan derivatives
and their composition for the 11 samples recovered
throughout the pre-hydrolysis treatment.

A key feature revealed in Figure 7 is the very high proportion
of the xylooligosaccharides with DP higher than 6 recovered
under the experimental conditions applied; the high flow rate
(25 mL/min) in the FTR decreases the fluid retention time,
enhancing the recovery of compounds shortly after their
extraction from the wood, without severe additional
depolymerization/degradation in the free reaction medium. It
is interesting to notice the higher proportion of the fraction

XOSDP > 6 in the hydrolysates corresponding to the inter-
mediate stages of treatment. In these stages, this fraction
represents about 58% of the XOS removed, whereas the same
fraction represents less than 29% in the last stages of the
treatment. These results strongly suggest that the xylooligo-
saccharides removed in the last stages of the treatment are
those previously depolymerized in the wood phase.

According to Jara,26 chip sizes influence the dispersion of the
dissolved compounds in the liquid, and sawdust must be used
instead of chips for a precise investigation of the kinetics of
depolymerization. On the other hand, we used an industrial
approach in our experiment by employing wood chips, and the
varying proportions of XOS over the length of hydrolysis may
be due to compound dispersion.

The extraction rate of the xylan derivatives exhibits two
phases completely different; after attaining the treatment
temperature (90 min), the xylan derivatives’ removal rate
increases drastically until 190 min; thereafter, decreases
gradually at a uniform rate.

Figure 7. Xylan derivative compounds eluted from the FTR-2 assay, n = 3.

Table 4. Solid Residue Yield and Chemical Composition after Pre-Hydrolysis

solid residue E. globulus batch PH FTR-1-PH FTR-2-PH FTR-3-PH FTR-4-PH

dry weight, g 100 74.8 ± 0.6a 73.0 ± 0.4b 71.9 ± 0.5c 72.5 ± 0.4c 70.3 ± 0.5d

glucose 53.4% 61.8% 64.8% 66.3% 66.0% 65.9%
(53.4) (46.2 ± 0.2a) (47.3 ± 0.4b) (47.7 ± 0.3b) (47.9 ± 0.3b) (46.3 ± 0.2c)

xylose 14.2% 6.8% 4.4% 2.4% 2.8% 2.0%
(14.2) (5.1 ± 0.3a) (3.2 ± 0.2b) (1.7 ± 0.1c) (2.0 ± 0.1c) (1.4 ± 0.2c)

galactose 2.0% 0.9% 0.5% 0.6% 0.8% 0.8%
(2.0) (0.7 ± 0.1a) (0.4 ± 0.1b) (0.4 ± 0.1b) (0.6 ± 0.1a,b) (0.6 ± 0.1a,b)

arabinose 2.9% 0.9% 0.7% 0.8% 0.3% 0.7%
(2.9) (0.7 ± 0.1a) (0.5 ± 0.1a) (0.6 ± 0.1a) (0.2 ± 0.1b) (0.5 ± 0.1a)

hemicelluloses (XMG + Arab) 19.1% 8.6% 5.6% 3.9% 3.9% 3.6%
(19.1) (6.5) (4.1) (2.8) (2.8) (2.5)

glucuronic acid 0.7% 1.2% 1.2% 1.3% 1.0% 0.9%
(0.7) (0.9 ± 0.1a) (0.9 ± 0.1b) (0.9 ± 0.1b) (0.7 ± 0.1a,b) (0.6 ± 0.1a,b)

acetic acid 1.1% ND ND ND ND ND
1.1

lignin 23.9% 28.4% 28.4% 28.6% 29.1% 29.7%
(23.9) (21.2 ± 0.3a) (20.7 ± 0.4a) (20.6 ± 0.3a) (21.1 ± 0.2a) (20.9 ± 0.4b)

extractives 1.8%

Samples with different letters in the same row showed significant (p < 0.05) differences (n = 3).
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Characterization of Solid Residues after Pre-Hydrol-
ysis. Table 4 presents the solid residue yield, determined
gravimetrically, and their chemical composition. Considering
the objective of dissolving pulp production, the hemicellulose
content is a quality key parameter of this product. Therefore,
the hemicellulose content of the solid residue after pre-
hydrolysis is also of particular importance. The results in Table
4 reveal there is a huge difference between the pre-hydrolysis
residues obtained under batch mode and under the flow-
through of the liquid phase. The hemicellulose content (xylose
+ galactose + arabinose) in the solid residue decreased from
about 8.6% to an average value of 4.3% (148 °C). Moreover,
the increase of the liquid flow rate from 10 mL/min (22.0
min) to 25 mL/min (8.8 min) in the FTR system operating at
148 °C induces a reduction of the hemicellulose content from
5.6 to 3.9%. Assuming that the chemical environment is the
same, the more plausible reason for this difference is the
increase of mass transfer for the assays with a higher flow rate,
due to the higher driving force, based on the lower dissolving
solid concentrations in the free liquor.

A small decrease in the hemicellulose content was observed
when the temperature was increased from 148 to 158 °C (solid
submitted to the same severity factor), from 3.9 to 3.6% (FTR-
2 vs FTR-4).

The cellulose content in the solid residue from the FTR
system is higher than that from the batch system, in
accordance with the hemicellulose content discussed above
and no significant differences were detected between FTR-1/
2/3. However, when the pre-hydrolysis temperature was
increased from 148 to 158 °C (for the similar severity factor),
the cellulose content in the solid residue had a slight but
significant reduction from 66.3% (47.7 g) to 65.9% (46.3 g),
putting in evidence the role of temperature on cellulose
degradation at acidic pH.

The solid yield ranged from 74.8% for the batch operation
mode and 71.9% for the FTR-2, for the assays carried out at
148 °C. The value decreases to 70.3% for the FTR-4 assay,
carryout at 158 °C. This decrease in solid yield is the price to
pay for a slightly lower hemicellulose content observed for the
FTR-4 solid residue. These solid yields observed in the present
work are comparable with others for similar severity factors.57

In resume, the increase in temperature induces more
degradation of cellulose and an overall lower yield of solid
residues. The hemicellulose content in the solid residue seems
to be less sensitive to the temperature (FTR-2 vs FTR-4), and

the same occurs even when the solid residue yield is
considered (2.8 g vs 2.5 g: 100 g wood). The lower yield of
solid residue and the lack of significant differences in
hemicellulose removal make the FTR-4 conditions the upper
limit conditions to produce high-purity dissolving pulp. In
addition, as reported above, the harsh conditions used in the
FTR-4 assay, also led to higher XOS degradation of the
recovered material in the liquid phase (Table 3), preventing
the hydrolysate from being valued under these conditions.

Effect of Pretreatment on Unbleached Pre-Hydrolysis
Kraft Pulps. After pre-hydrolysis, the solid residue was
subjected to kraft cooking. The pulps were characterized in
terms of global yield (based on wood), chemical composition,
intrinsic viscosity, and lignin content to determine the effect of
pre-hydrolysis conditions on the global PHK pulp (Table 5).

Assessing the hemicellulose content of the PHK pulp (Table
5) and pre-hydrolysis (PH) solid residue, no apparent
significant changes were observed. However, this does not
mean that no hemicelluloses were removed in kraft cooking.
On the contrary, for batch PH, the amount of hemicelluloses
decreased from 6.5 g (100 g of initial wood) to 2.3 g (100 g of
initial wood). For the FTR-1, the corresponding values are
4.3−2.0 g while for the FTR-4, the values are 2.5−0.9,
indicating significant hemicellulose removal in the alkaline
cooking process. Despite the low residual amount of the
hemicellulose in the pulp, their content remains at the level of
the solid residue after pre-hydrolysis because of the extensive
removal of lignin and some cellulose.

The delignification extent was very high for all of the pre-
hydrolysis solid residues; about 96% for the batch pre-
hydrolysis and about 98% for the FTR pre-hydrolysis system.
These results suggest some advantages of the FTR pre-
hydrolysis system regarding delignification, probably due to the
lower/absence of condensed lignin in the pre-hydrolysis solid
residue from the FTR system. The residual lignin in the PHK
pulp is very low, even before the final bleaching process, which
is a positive result because the environmental impact of the
bleaching sequence will be very low.

A drawback of this extensive delignification achieved was the
significant cellulose degradation, both in terms of cellulose
depolymerization and cellulose yield losses. For the batch PH,
the cellulose decreased from 46.2 to 31.0 g, representing a
32.9% cellulose yield reduction; the corresponding values for
the FTR PH treatment at 148 °C were 47.6−34.0,
corresponding to a 28% cellulose yield reduction. At 158 °C,

Table 5. PHK Pulp Characterization

characterization

pulp composition, % batch FTR-1-PHK FTR-2-PHK FTR-3-PHK FTR-4-PHK

global yield, % 34.2 34.9 36.4 36.9 34.5
intrinsic viscosity, cm3/g 1158 910 800 830 788
Kappa number 9.6 8.3 6.3 6.2 6.9
hemicelluloses, % (g) 6.8% 5.8% 3.0% 4.4% 2.6%

pulp composition, % (g, based on 100 g of wood) batch FTR-1-PHK FTR-2-PHK FTR-3-PHK FTR-4-PHK

glucose 90.7% 92.6% 95.6% 94.3% 95.9%
(31.0 ± 0.3) (32.3 ± 0.3) (34.8 ± 0.2) (34.8 ± 0.2) (33.1 ± 0.3)

X/M/G 5.9% 5.2% 2.5% 4.1% 2.2%
(2.0 ± 0.1) (1.8 ± 0.1) (0.9 ± 0.1) (1.5 ± 0.1) (0.8 ± 0.1)

arabinose 0.9% 0.6% 0.5% 0.3% 0.4%
(0.3 ± 0.1) (0.2 ± 0.1) (0.2 ± 0.1) (0.1 ± 0.1) (0.1 ± 0.1)

lignin 2.5% 1.6% 1.4% 1.3% 1.5%
(0.9 ± 0.1) (0.6 ± 0.1) (0.5 ± 0.1) (0.5 ± 0.1) (0.5 ± 0.1)
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a reduction from 46.3 to 33.1 occurred, reaching a yield
reduction of 29%.

As a result of the extensively desired hemicellulose and
lignin extraction and the undesired cellulose degradation/
extraction, the global yield of the dissolving pulp is low (Table
5). Our results, however, are in good agreement with those
reported by other authors for the same wood species.
Martino58 in a batch system, achieved a viscosity of 812
cm3/g, kappa number of 9.5 (2.15% lignin), and a total yield of
35% by PHK pulping E. globulus, while Kirci59 obtained a yield
of 33%, 837 cm3/g viscosity, and kappa number of 8 (1.95%
lignin) with poplar wood (hardwood) by the organosolv
process.

To reduce the cellulose yield losses exhibited in this and
other works, the alkali charge applied in kraft cooking after pre-
hydrolysis should be further investigated.

In addition to the hemicellulose content, the cellulose
degree of polymerization (DP), directly related to the intrinsic
pulp viscosity, is another key property of the dissolving pulp.4

To achieve a high-quality dissolving pulp, the cellulose DP
should be moderate (intrinsic viscosity in the range of 500−
700). The PH FTR system provides pulps with better intrinsic
viscosity than the batch PH. Additionality, the bleaching
sequence following pulp cooking will further decrease the
intrinsic viscosity values of the pulp. As cellulose depolyme-
rization increases with the alkali concentration, the higher
intrinsic viscosity of the batch-PH pulp is certainly related to
the lower alkali concentration profile during the kraft cooking
process due to the higher alkali consumption with the higher
amount of hemicellulose and the more condensate lignin in the
batch-PH solid residue.

The higher flow rate in the pre-hydrolysis (148 °C) FTR
system induces a lower intrinsic viscosity. These experimental
results are most likely also a consequence of the alkali
concentration in kraft cooking due to the lower hemicellulose
content of the solid residue obtained under a higher liquid flow
rate.

FTR-4 pulp (158 °C PH) had the lowest hemicellulose
content (2.6%) and the lowest intrinsic viscosity value (788
cm3/g), both important properties for the dissolving pulp;
however, this result was obtained at the expense of lower global
yield.

In resume, the batch-PH system provides a dissolving pulp
with the highest residual hemicellulose content, whereas the
FTR-4 system provides the dissolving pulp with the lowest
hemicellulose content. However, if the added value of the PH
products is also taken into account the FTR-2 or 3 seem to
exhibit better potential. The dissolving properties of the
dissolving pulp can also be influenced by the supramolecular
structure of the cellulose and other residual components.60

■ CONCLUSIONS
Pre-hydrolysis of E. globulus wood was studied with the liquid
phase under batch mode and under continuous elution, with
solids in batch for both operating systems, aiming to enhance
the valorization of hydrolysates and to achieve a dissolving
pulp with better characteristics.

The hydrolysate from the batch system presents the highest
yield of furfural, a degradation product of xylose and arabinose,
as a consequence of the highest residence time of the
compounds in the reaction medium after extraction from the
solid phase. On the contrary, the flow-through liquid operation
mode enabled us to control the liquid retention time and

provided the hydrolysates with an increased proportion of
xylooligosaccharides and a low proportion of furfural. The
liquid flow rate enabled us to change the relative proportion of
XOSDP > 6, XOS2 < DP ≤ 6, xylose, and furfural. A high liquid flow
rate (lower liquid retention time) favors the XOS with a higher
molecular weight, as expected. In addition, the procedure
enabled the recovery of XOS with the attached substituents,
which play a key role in their biological activity. The pre-
hydrolysis extent should also be controlled to favor the
removal of xylooligosaccharides with substituents. Among the
XOS, the xylobiose (X2) and xylotriose (X3) are those that
exhibit the highest biological interest. The liquid flow
providing a mean retention time of 8.8 min produced the
highest proportion of X2−X3 (about 25% of the xylan available
in the wood), but significant amounts of furfural and XOS with
DP higher than 3 were also produced. In this way, to maximize
the production of the X2−X3 fraction, the furfural and xylose
formation should be minimized using lower liquid retention
time followed by post-hydrolysis preferentially with xylanases.

The pre-hydrolysis conditions had a significant effect on the
dissolving pulp characteristics; the batch pre-hydrolysis led to
an unbleached pulp with a higher residual hemicellulose
content (8.8%), whereas the flow-through pre-hydrolysis
provides pulps with the hemicellulose content in the range
2.6−5.8%. The global yield of the PHK process is low and the
cooking conditions after pre-hydrolysis required additional
optimization. The cellulose degree of polymerization of the
obtained pulps is appropriate for the dissolving process.

The results have shown that pre-hydrolysis under a
continuous liquid flow has the potential to improve and
introduce a new way to valorize the pre-hydrolysis kraft
process in wood biorefinery, while simultaneously producing
dissolving pulp with higher cellulose content and viscosity
values more suitable for dissolution (e.g., Lyocell process).
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Covilhã, Portugal

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c07594

Author Contributions
†A.E.P.C. and R.M.S.S. contributed equally. The manuscript
was written through the contributions of all authors. All
authors have approved the final version of the manuscript and
have consented to the publication.
Notes
The authors declare no competing financial interest.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07594
ACS Omega 2023, 8, 13626−13638

13636

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andre%CC%81+E.+P.+Cunha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3903-4075
mailto:aepcunha@gmail.com
mailto:andre.palos.cunha@ubi.pt
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roge%CC%81rio+M.+S.+Simo%CC%83es"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07594?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS
This work was supported by Portuguese National Funds by
FCT�Foundation for Science and Technology, I.P., within
the FibEnTech�UIDB/00195/2020 and by Biotek (Proto-
colo UBI/CELTEJO) on the project UBI/CELTEJO/2022/
II-2.

■ REFERENCES
(1) Liu, Z. H.; Hao, N.; Wang, Y. Y.; Dou, C.; Lin, F.; Shen, R.;

Bura, R.; Hodge, D. B.; Dale, B. E.; Ragauskas, A. J.; Yang, B.; Yuan, J.
S. Transforming biorefinery designs with ‘Plug-In Processes of Lignin’
to enable economic waste valorization. Nat. Commun. 2021, 12,
No. 3912.
(2) Holik, H. Handbook of Paper and Board, 2nd ed.; Wiley-VCH,

2006.
(3) Rodrigues, P. F.; Evtyugin, D. D.; Evtuguin, D. V.; Prates, A.

Extractive Profiles in the Production of Sulfite Dissolving Pulp from
Eucalyptus Globulus WOOD. J. Wood Chem. Technol. 2018, 38, 397−
408.
(4) Borrega, M.; Sixta, H. Purification of cellulosic pulp by hot water

extraction. Cellulose 2013, 20, 2803−2812.
(5) Leschinsky, M.; Sixta, H.; Patt, R. Detailed mass balances of the

autohydrolysis of eucalyptus globulus at 170 °C. BioResources 2009, 4,
687−703.
(6) Zhang, S.; Chen, C.; Duan, C.; Hu, H.; Li, H.; Li, J.; Liu, Y.; Ma,

X.; Stavik, J.; Ni, Y. Regenerated cellulose by the lyocell process, a
brief review of the process and properties. BioResources 2018, 13,
4577−4592.
(7) Aravamudhan, A.; Ramos, D. M.; Nada, A. A.; Kumbar, S. G.
Natural Polymers: Polysaccharides and Their Derivatives for Biomedical
Applications; Elsevier Inc., 2014.
(8) Lau, C. S. Characterization and Quantification of Monomers,

Oligomers, and By-Products from Xylan During Biomass Pretreat-
ment, Thesis; University of Arkansas: Fayettev, 2012.
(9) del Río, P. G.; Gullón, B.; Wu, J.; Saddler, J.; Garrote, G.;

Romaní, A. Current breakthroughs in the hardwood biorefineries:
Hydrothermal processing for the co-production of xylooligosacchar-
ides and bioethanol. Bioresour. Technol. 2022, 343, No. 126100.
(10) Çetinkol, Ö. P.; Smith-Moritz, A. M.; Cheng, G.; Lao, J.;

George, A.; Hong, K.; Henry, R.; Simmons, B. A.; Heazlewood, J. L.;
Holmes, B. M. Structural and Chemical Characterization of
Hardwood from Tree Species with Applications as Bioenergy
Feedstocks. PLoS One 2012, 7, No. e52820.
(11) Ding, X. M.; Li, D. D.; Bai, S. P.; Wang, J. P.; Zeng, Q. F.; Su, Z.

W.; Xuan, Y.; Zhang, K. Y. Effect of dietary xylooligosaccharides on
intestinal characteristics, gut microbiota, cecal short-chain fatty acids,
and plasma immune parameters of laying hens. Poult. Sci. 2018, 97,
874−881.
(12) Singh, R. D.; Muir, J.; Arora, A. Concentration of

xylooligosaccharides with a low degree of polymerization using
membranes and their effect on bacterial fermentation. Biofuels,
Bioprod. Biorefin. 2021, 15, 61−73.
(13) Amorim, C.; Silvério, S. C.; Prather, K. L. J.; Rodrigues, L. R.

From lignocellulosic residues to market: Production and commercial
potential of xylooligosaccharides. Biotechnol. Adv. 2019, 37,
No. 107397.
(14) Nabarlatz, D.; Farriol, X.; Montané, D. Autohydrolysis of

almond shells for the production of xylo- oligosaccharides: Product
characteristics and reaction kinetics. Ind. Eng. Chem. Res. 2005, 44,
7746−7755.
(15) Parajó, J.; Garrote, G.; Cruz, J. M.; Dominguez, H. Production

of xylooligosaccharides by autohydrolysis of lignocellulosic materials.
Trends Food Sci. Technol. 2004, 15, 115−120.
(16) Ko, C. H.; Shih, T. L.; Jhan, B. T.; Chang, F. C.; Wang, Y. N.;

Wang, Y. C. Production of xylooligosaccharides from forest waste by
membrane separation and Paenibacillus xylanase hydrolysis. Bio-
Resources 2013, 8, 612−627.

(17) Ratnadewi, A. A. I.; Fauziyah, K. R.; Indarti, D. Purification of
Xylooligosaccharide From Casavva Pulp by Ultrafiltration Method.
Berk Sainstek 2021, 9, 51.
(18) Overend, R. P.; Chornet, E.; Gascoigne, J. A. Fractionation of

lignocellulosics by steam-aqueous pretreatments. Philos. Trans. R. Soc.
Lond., Ser. A: Math. Phys. Sci. 1987, 321, 523−536.
(19) Danon, B.; Van Der Aa, L.; De Jong, W. Furfural degradation in

a dilute acidic and saline solution in the presence of glucose.
Carbohydr. Res. 2013, 375, 145−152.
(20) del Río, P. G.; Gullón, B.; Romaní, A.; Garrote, G. Fast-growing

Paulownia wood fractionation by microwave-assisted hydrothermal
treatment: A kinetic assessment. Bioresour. Technol. 2021, 338,
No. 125535.
(21) Poletto, P.; Pereira, G. N.; Monteiro, C. R. M.; Pereira, M. A.

F.; Bordignon, S. E.; de Oliveira, D. Xylooligosaccharides: Trans-
forming the lignocellulosic biomasses into valuable 5-carbon sugar
prebiotics. Process Biochem. 2020, 91, 352−363.
(22) Wojtasz-Mucha, J.; Hasani, M.; Theliander, H. Dissolution of

wood components during hot water extraction of birch. Wood Sci.
Technol. 2021, 55, 811−835.
(23) Garrote, G.; Parajó, J. C. Non-isothermal autohydrolysis of

Eucalyptus wood. Wood Sci. Technol. 2002, 36, 111−123.
(24) Pham, S. T.; Nguyen, M. B.; Le, G. H.; Pham, T. T. T.; Quan,

T. T. T.; Nguyen, T. D.; Son, T. Le.; Vu, T. A. Cellulose Conversion
to 5 Hydroxymethyl Furfural (5-HMF) Using Al-Incorporated SBA-
15 as Highly Efficient Catalyst. J. Chem. 2019, 2019, No. 5785621.
(25) Huang, L.; Yang, Z.; Li, M.; Liu, Z.; Qin, C.; Nie, S.; Yao, S.

Effect of pre-corrected PH on the carbohydrate hydrolysis of bamboo
during hydrothermal pretreatment. Polymers 2020, 12, 612.
(26) Jara, R.; Lawoko, M.; van Heiningen, A. Intrinsic dissolution

kinetics and topochemistry of xylan, mannan, and lignin during auto-
hydrolysis of red maple wood meal. Can. J. Chem. Eng. 2019, 97, 649−
661.
(27) Batista, G.; Souza, R. B. A.; Pratto, B.; dos Santos-Rocha, M. S.

R.; Cruz, A. J. G. Effect of severity factor on the hydrothermal
pretreatment of sugarcane straw. Bioresour. Technol. 2019, 275, 321−
327.
(28) Harris, J. F.; Baker, A. J.; Conner, A. H.; Jeffries, T. W.; Minor,

J. L.; Pettersen, R. C.; Scott, R. W.; Springer, E. L.; Wegner, T. H.;
Zerbe, J. I. Two-Stage, Dilute Sulfuric Acid Hydrolysis of Wood: An
Investigation of Fundamentals, General Technical Report FPL-45; U.S.
Department of Agriculture, Forest Service, Forest Products
Laboratory: Madison, WI, 1985; pp 1−73.
(29) Garrote, G.; Domínguez, H.; Parajó, J. C. Hydrothermal

processing of lignocellulosic materials. Eur. J. Wood Wood Prod. 1999,
57, 191−202.
(30) Julien, P. A.; Fri, T.; Julien, P. Deconstruction of lignocellulosic

biomass with ionic liquids. Green Chem. 2017, 19, 2729−2747.
(31) McDonald, I. R. C.; Campbell, W. G. Acid-soluble Lignin.
Nature 1952, 169, 33.
(32) Tayier, M.; Duan, D.; Zhao, Y.; Ruan, R.; Wang, Y.; Liu, Y.

Catalytic effects of various acids on microwave-assisted depolymeriza-
tion of organosolv lignin. BioResources 2018, 13, 412−424.
(33) Wayman, M.; Chua, M. G. S. Characterization of autohy-

drolysis aspen (P. tremuloides) lignins. Part 4. Residual autohy-
drolysis lignin. Can. J. Chem. 1979, 57, 2612−2616.
(34) Jia, Q.; Teng, X.; Yu, S.; Si, Z.; Li, G.; Zhou, M.; Cai, D.; Qin,

P.; Chen, B. Production of furfural from xylose and hemicelluloses
using tin-loaded sulfonated diatomite as solid acid catalyst in biphasic
system. Bioresour. Technol. Rep. 2019, 6, 145−151.
(35) Liu, H.; Hu, H.; Jahan, M. S.; Ni, Y. Furfural formation from

the pre-hydrolysis liquor of a hardwood kraft-based dissolving pulp
production process. Bioresour. Technol. 2013, 131, 315−320.
(36) Cunha, A.; Simões, R. Effect of Pre-Hydrolysis Reaction

Conditions on Xylooligosaccharides Extraction in Eucalyptus
Globulus. KnE Mater. Sci. 2022, 7, 8−14.
(37) Dias, A. S.; Pillinger, M.; Valente, A. A. Liquid phase

dehydration of d-xylose in the presence of Keggin-type hetero-
polyacids. Appl. Catal., A 2005, 285, 126−131.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07594
ACS Omega 2023, 8, 13626−13638

13637

https://doi.org/10.1038/s41467-021-23920-4
https://doi.org/10.1038/s41467-021-23920-4
https://doi.org/10.1080/02773813.2018.1513037
https://doi.org/10.1080/02773813.2018.1513037
https://doi.org/10.1007/s10570-013-0086-1
https://doi.org/10.1007/s10570-013-0086-1
https://doi.org/10.15376/biores.4.2.687-703
https://doi.org/10.15376/biores.4.2.687-703
https://doi.org/10.15376/biores.13.2.zhang
https://doi.org/10.15376/biores.13.2.zhang
https://doi.org/10.1016/j.biortech.2021.126100
https://doi.org/10.1016/j.biortech.2021.126100
https://doi.org/10.1016/j.biortech.2021.126100
https://doi.org/10.1371/journal.pone.0052820
https://doi.org/10.1371/journal.pone.0052820
https://doi.org/10.1371/journal.pone.0052820
https://doi.org/10.3382/ps/pex372
https://doi.org/10.3382/ps/pex372
https://doi.org/10.3382/ps/pex372
https://doi.org/10.1002/bbb.2145
https://doi.org/10.1002/bbb.2145
https://doi.org/10.1002/bbb.2145
https://doi.org/10.1016/j.biotechadv.2019.05.003
https://doi.org/10.1016/j.biotechadv.2019.05.003
https://doi.org/10.1021/ie050664n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie050664n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie050664n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tifs.2003.09.009
https://doi.org/10.1016/j.tifs.2003.09.009
https://doi.org/10.15376/biores.8.1.612-627
https://doi.org/10.15376/biores.8.1.612-627
https://doi.org/10.19184/bst.v9i2.23388
https://doi.org/10.19184/bst.v9i2.23388
https://doi.org/10.1098/rsta.1987.0029
https://doi.org/10.1098/rsta.1987.0029
https://doi.org/10.1016/j.carres.2013.04.030
https://doi.org/10.1016/j.carres.2013.04.030
https://doi.org/10.1016/j.biortech.2021.125535
https://doi.org/10.1016/j.biortech.2021.125535
https://doi.org/10.1016/j.biortech.2021.125535
https://doi.org/10.1016/j.procbio.2020.01.005
https://doi.org/10.1016/j.procbio.2020.01.005
https://doi.org/10.1016/j.procbio.2020.01.005
https://doi.org/10.1007/s00226-021-01283-9
https://doi.org/10.1007/s00226-021-01283-9
https://doi.org/10.1007/s00226-001-0132-2
https://doi.org/10.1007/s00226-001-0132-2
https://doi.org/10.1155/2019/5785621
https://doi.org/10.1155/2019/5785621
https://doi.org/10.1155/2019/5785621
https://doi.org/10.3390/polym12030612
https://doi.org/10.3390/polym12030612
https://doi.org/10.1002/cjce.23373
https://doi.org/10.1002/cjce.23373
https://doi.org/10.1002/cjce.23373
https://doi.org/10.1016/j.biortech.2018.12.073
https://doi.org/10.1016/j.biortech.2018.12.073
https://doi.org/10.1007/s001070050039
https://doi.org/10.1007/s001070050039
https://doi.org/10.1039/C7GC01078H
https://doi.org/10.1039/C7GC01078H
https://doi.org/10.1038/169033b0
https://doi.org/10.15376/biores.13.1.412-424
https://doi.org/10.15376/biores.13.1.412-424
https://doi.org/10.1139/v79-422
https://doi.org/10.1139/v79-422
https://doi.org/10.1139/v79-422
https://doi.org/10.1016/j.biteb.2019.03.001
https://doi.org/10.1016/j.biteb.2019.03.001
https://doi.org/10.1016/j.biteb.2019.03.001
https://doi.org/10.1016/j.biortech.2012.12.158
https://doi.org/10.1016/j.biortech.2012.12.158
https://doi.org/10.1016/j.biortech.2012.12.158
https://doi.org/10.18502/kms.v7i1.11603
https://doi.org/10.18502/kms.v7i1.11603
https://doi.org/10.18502/kms.v7i1.11603
https://doi.org/10.1016/j.apcata.2005.02.016
https://doi.org/10.1016/j.apcata.2005.02.016
https://doi.org/10.1016/j.apcata.2005.02.016
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(38) Liang, J.; Zha, J.; Zhao, N.; Tang, Z.; He, Y.; Ma, C.
Valorization of Waste Lignocellulose to Furfural by Sulfonated
Biobased Heterogeneous Catalyst Using Ultrasonic-Treated Chestnut
Shell Waste as Carrier. Processes 2021, 9, No. 2269.
(39) Sukri, S. S. M.; Mimi Sakinah, A. M. Production of High

Commercial Value Xylooligosaccharides from Meranti Wood Sawdust
Using Immobilised Xylanase. Appl. Biochem. Biotechnol. 2018, 184,
278−290.
(40) Henriques, P. I. A.; Brites Alves, A. M. F.; Serrano, M. D. L. S.;

Alves, S. S. Kinetic Modeling of Xylooligosaccharides Production by
Acid Hydrolysis of an Eucalyptus globulus Pulp Extract. Ind. Eng.
Chem. Res. 2021, 60, 16911−16918.
(41) Zhao, X.; Zhou, Y.; Liu, D. Kinetic model for glycan hydrolysis

and formation of monosaccharides during dilute acid hydrolysis of
sugarcane bagasse. Bioresour. Technol. 2012, 105, 160−168.
(42) Henriques, P.; Martinho, M.; de Serrano, M. L.; de Sousa, A. P.

M.; Brites Alves, A. M. Xylooligosaccharides production by acid
hydrolysis of an alkaline extraction filtrate from Eucalyptus globulus
bleached kraft pulp. Ind. Crops Prod. 2021, 159, No. 113066.
(43) Samanta, A. K.; Jayapal, N.; Kolte, A. P.; Senani, S.; Sridhar, M.;

Suresh, K. P.; Sampath, K. T. Enzymatic production of xylooligo-
saccharides from alkali solubilized xylan of natural grass (Sehima
nervosum). Bioresour. Technol. 2012, 112, 199−205.
(44) Wang, Y.; Cao, X.; Zhang, R.; Xiao, L.; Yuan, T.; Shi, Q.; Sun,

R. Evaluation of xylooligosaccharide production from residual
hemicelluloses of dissolving pulp by acid and enzymatic hydrolysis.
RSC Adv. 2018, 8, 35211−35217.
(45) Rudjito, R. C.; Ruthes, A. C.; Jiménez-Quero, A.; Vilaplana, F.

Feruloylated arabinoxylans from wheat bran: Optimization of
extraction process and validation at pilot scale. ACS Sustainable
Chem. Eng. 2019, 7, 13167−13177.
(46) Salazar, M. M.; Grandis, A.; Pattathil, S.; Neto, J. L.; Camargo,

E. L. O.; Alves, A.; Rodrigues, J. C.; Squina, F.; Cairo, J. P. F.;
Buckeridge, M. S.; Hahn, M. G.; Pereira, G. A. G. Eucalyptus Cell
Wall Architecture: Clues for Lignocellulosic Biomass Deconstruction.
Bioenergy Res. 2016, 9, 969−979.
(47) Correia, B.; Hancock, R. D.; Amaral, J.; Gomez-Cadenas, A.;

Valledor, L.; Pinto, G. Combined drought and heat activates
protective responses in eucalyptus globulus that are not activated
when subjected to drought or heat stress alone. Front. Plant Sci. 2018,
9, 819.
(48) dos Santos Lourenço, A. C. The influence of Eucalyptus

globulus heartwood in pulp production, 2008. https://www.
repository.utl.pt/bitstream/10400.5/1080/1/The influence of Euca-
lyptus globulus heartwood in pulp produ.pdf.
(49) Deguchi, S.; Tsujii, K.; Horikoshi, K. Cooking cellulose in hot

and compressed water. Chem. Commun. 2006, 3293−3295.
(50) Peng, P.; Peng, F.; Bian, J.; Xu, F.; Sun, R. Studies on the starch

and hemicelluloses fractionated by graded ethanol precipitation from
bamboo phyllostachys bambusoides f. shouzhu Yi. J. Agric. Food Chem.
2011, 59, 2680−2688.
(51) Qaseem, M. F.; Wu, A. M. Balanced xylan acetylation is the key

regulator of plant growth and development, and cell wall structure and
for industrial utilization. Int. J. Mol. Sci. 2020, 21, 7875.
(52) Lyczakowski, J. J.; Wicher, K. B.; Terrett, O. M.; Faria-Blanc,

N.; Yu, X.; Brown, D.; Krogh, K. B. R. M.; Dupree, P.; Busse-Wicher,
M. Removal of glucuronic acid from xylan is a strategy to improve the
conversion of plant biomass to sugars for bioenergy. Biotechnol.
Biofuels 2017, 10, 224.
(53) de Carvalho, D. M.; Abad, A. M.; Evtuguin, D. V.; Colodette, J.

L.; Lindström, M. E.; Vilaplana, F.; Sevastyanova, O. Isolation and
characterization of acetylated glucuronoarabinoxylan from sugarcane
bagasse and straw. Carbohydr. Polym. 2017, 156, 223−234.
(54) Rowell, R. M.; Pettersen, R.; Tshabalala, M.Handbook of Wood
Chemistry and Wood Composites; CRC Press, 2012.
(55) Malunga, L. N.; Beta, T. Antioxidant capacity of water-

extractable arabinoxylan from commercial barley, wheat, and wheat
fractions. Cereal Chem. J. 2015, 92, 29−36.

(56) Rao, R. S. P.; Muralikrishna, G. Water soluble feruloyl
arabinoxylans from rice and ragi: Changes upon malting and their
consequence on antioxidant activity. Phytochemistry 2006, 67, 91−99.
(57) Ruiz, H. A.; Thomsen, M. H.; Trajano, H. L. Hydrothermal
Processing in Biorefineries: Production of Bioethanol and High Added-
Value Compounds of Second and Third Generation Biomass; Springer,
2017.
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Viçosa: MG, 2015.
(59) Kirci, H.; Akgül, M. Production of dissolving grade pulp from

poplar wood by ethanol-water process. Turk. J. Agric. For. 2002, 26,
239−245.
(60) Yoon, S. H.; Van Heiningen, A. Kraft pulping and papermaking

properties of hot-water pre-extracted loblolly pine in an integrated
forest products biorefinery. Tappi J. 2008, 7, 22−27.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07594
ACS Omega 2023, 8, 13626−13638

13638

https://doi.org/10.3390/pr9122269
https://doi.org/10.3390/pr9122269
https://doi.org/10.3390/pr9122269
https://doi.org/10.1007/s12010-017-2542-0
https://doi.org/10.1007/s12010-017-2542-0
https://doi.org/10.1007/s12010-017-2542-0
https://doi.org/10.1021/acs.iecr.1c02900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c02900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biortech.2011.11.075
https://doi.org/10.1016/j.biortech.2011.11.075
https://doi.org/10.1016/j.biortech.2011.11.075
https://doi.org/10.1016/j.indcrop.2020.113066
https://doi.org/10.1016/j.indcrop.2020.113066
https://doi.org/10.1016/j.indcrop.2020.113066
https://doi.org/10.1016/j.biortech.2012.02.036
https://doi.org/10.1016/j.biortech.2012.02.036
https://doi.org/10.1016/j.biortech.2012.02.036
https://doi.org/10.1039/c8ra07140c
https://doi.org/10.1039/c8ra07140c
https://doi.org/10.1021/acssuschemeng.9b02329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b02329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12155-016-9770-y
https://doi.org/10.1007/s12155-016-9770-y
https://doi.org/10.3389/fpls.2018.00819
https://doi.org/10.3389/fpls.2018.00819
https://doi.org/10.3389/fpls.2018.00819
https://www.repository.utl.pt/bitstream/10400.5/1080/1/
https://www.repository.utl.pt/bitstream/10400.5/1080/1/
https://doi.org/10.1039/b605812d
https://doi.org/10.1039/b605812d
https://doi.org/10.1021/jf1045766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf1045766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf1045766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms21217875
https://doi.org/10.3390/ijms21217875
https://doi.org/10.3390/ijms21217875
https://doi.org/10.1186/s13068-017-0902-1
https://doi.org/10.1186/s13068-017-0902-1
https://doi.org/10.1016/j.carbpol.2016.09.022
https://doi.org/10.1016/j.carbpol.2016.09.022
https://doi.org/10.1016/j.carbpol.2016.09.022
https://doi.org/10.1094/CCHEM-11-13-0247-R
https://doi.org/10.1094/CCHEM-11-13-0247-R
https://doi.org/10.1094/CCHEM-11-13-0247-R
https://doi.org/10.1016/j.phytochem.2005.09.036
https://doi.org/10.1016/j.phytochem.2005.09.036
https://doi.org/10.1016/j.phytochem.2005.09.036
https://doi.org/10.3906/tar-0201-3
https://doi.org/10.3906/tar-0201-3
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

