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Abstract
Efficient fractionation of lignocellulosic biomass is an important step toward the replacement of fossil-based products. However,
the utilisation of all of the components in biomass requires various fractionation techniques. One promising process configuration
is to apply steam explosion for the recovery of hemicelluloses and a subsequent hydrotropic extraction step for the delignification
of the remaining solids. In this work, the influence of residence time, temperature and biomass loading on lignin recovery from
birch using sodium xylene sulphonate as a hydrotrope was investigated. Our results show that residence time, temperature and
biomass loading correlate positively with lignin extraction, but the effects of these parameters were limited. Furthermore, when
steam explosion was implemented as the initial step, hydrotropic extraction could be performed even at room temperature,
yielding a lignin extraction of 50%. Also, hydrothermal degradation of the material was necessary for efficient delignification
with sodium xylene sulphonate, regardless of whether it occurs during steam explosion pretreatment or is achieved at high
temperatures during the hydrotropic extraction.
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1 Introduction

The production of chemicals and biofuels from lignocellulosic
biomass is important for reaching the Sustainable
Development Goals, which have been set by the United
Nations [1]. Lignocellulosic biomass comprises 3 main com-
ponents: cellulose, hemicelluloses and lignin. Each of these
components has the potential to replace fossil resources as a
raw material for the production of various products. For ex-
ample, cellulose can be used as a feedstock for the sugar
platform, serving as a precursor for various fuels and
chemicals [2]; it can also be used in the production of pulp
and other materials, such as nanocellulose [3]. Hemicellulose
can also be used as a feedstock in the sugar platform [4] and
has several specialty applications, such as hydrogels, thermo-
plastics and the production of films and coatings [5–7].
Commercial applications for lignin include such products as

vanillin, dispersants and concrete additives [8–10]. Ongoing
research is examining the production of fuels and chemicals
from lignin [10–12].

Due to differences in the structure and composition of cel-
lulose, hemicellulose and lignin, these components require
different types of chemical conversion routes for valorisation.
Additionally, these components are tightly bound together in
the complex structure of the lignocellulosic matrix. Thus,
many commercial biomass fractionation processes target 1
or perhaps 2 products, neglecting the full potential of much
of the biomass. This problem could be addressed by finding
efficient fractionation strategies to separate each of the com-
ponents into distinct streams.

The successive combination of a steam pretreatment step
and hydrotropic extraction (HEX) has been proposed to iso-
late cellulose, hemicelluloses and lignin into separate streams
[13, 14]. Steam pretreatment, commonly referred to as steam
explosion (STEX), opens up the rigid structure of biomass and
solubilises hemicelluloses [15, 16]. Because most of the cel-
lulose and lignin remain in the solid phase, steam pretreatment
enables the recovery of hemicellulose through filtration. HEX,
a method for extracting lignin from biomass [17], has recently
garnered interest due to its low environmental impact [18, 19].
A hydrotrope is an amphiphilic molecule that increases the
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solubility of otherwise insoluble compounds in water [20, 21],
allowing it to solubilise lignin, which has a hydrophobic struc-
ture. The exact mechanism is not yet completely understood.
Abranches et al. [22] suggested that the hydrotropic effect is
driven by hydrophobic interactions between the hydrotrope
and the lignin while Srinivas et al. [20] proposed that the
hydrotrope forms layered structures creating microenviron-
ments in which the lignin can be solubilised. After extraction,
the dilution of the hydrotropic solution with water causes lig-
nin to precipitate. Several hydrotropes have been evaluated
with regard to the extraction of lignin, such as sodium xylene
sulphonate (SXS) [19, 23], alkyl benzene sulphonate [24, 25]
sodium cumene sulphonate [26, 27] and p-toluene sulphonic
acid [28]. Out of these compounds, SXS has emerged as a top
candidate due to its extraction efficiency and low cost [18].

To optimise the performance of HEX, the effects of the
conditions that are applied must be understood. In the case
of HEX with SXS as the hydrotrope, previous studies have
examined the following ranges of conditions: temperature 60–
190 °C [24, 25, 29, 30], residence time 0.5–12 h [23, 24, 30]
and liquid-to-wood ratio 4–10 with regard to biomass loading
(BL) [23, 29, 31]. Most studies have evaluated 1 or 2 of these
parameters, but none has assessed all 3 and their possible
interactions. Furthermore, to the best of our knowledge, only
Olsson et al. have reported a parameter study on HEX of
steam-pretreated biomass [13], determining the effects of tem-
perature and residence time. However, within the span of con-
ditions that were examined, no substantial differences in lignin
extraction were observed, indicating that a broader span of
conditions must be analysed to identify the limits of the pro-
cess. Understanding how the process operates at the limits of
these factors could create opportunities for further process
optimisation and provide a deeper understanding of its under-
lying mechanisms.

The main aim of this study was to perform an extensive
investigation of the influence of temperature, residence time
and BL on HEX of lignin from birch chips that have been
pretreated by STEX. Secondary goals included determining
the effects of temperature on the structure of the extracted
lignin and the influence of pretreatment by STEX before
HEX.

2 Materials and methods

2.1 Raw material

Debarked birch chips (Betula pendula) were provided by a
Swedish pulp mill (Södra Cell, Mörrum, Sweden). The wood
chips were cut into smaller pieces using a knife mill (Retsch
GmbH, Haan, Germany) that was fitted with a 20-mm screen
and then sieved to recover the 2–10-mm fraction. The com-
position of the raw material was determined using a National

Renewable Energy Laboratory (NREL) standard procedure
[32] and is shown in Table 1.

2.2 Experimental procedure

The lignocellulosic biomass was fractionated in 2 sequential
steps: autocatalysed STEX to remove hemicelluloses, follow-
ed by HEX to extract lignin. The lignin was then precipitated
by the addition of water to the hydrotropic solution. The pro-
cess is illustrated schematically in Fig. 1.

2.2.1 Steam explosion

The chopped wood chips were impregnated with water to a
dry matter (DM) content of ~50% and left in a cold storage
room at 6 °C overnight. The impregnated chips were treated in
batches of 750 g DM at 210 °C for 5 min per previous studies
[13, 33] using a 10-L preheated pretreatment reactor, which
has been described elsewhere [34]. After pretreatment, the
liquid fraction was separated from the solid fraction using a
hydraulic filter press (HP5M, Fischer Maschinenfabrik,
Germany) at a pressure of 6 bar. To remove solubilised hemi-
celluloses from the fibres, the solid fraction was washed with
warm deionised (DI) water, agitated for 1 h and then filtered at
6 bar. The composition of the solids after STEX is listed in
Table 1.

2.2.2 Hydrotropic extraction

HEX was performed in a 2-L stirred batch reactor
(Polyclave, Büchi AG, Switzerland) that was connected to
a thermostat (Unistat T305, Kältenmaschinenbau AG,
Germany), under constant agitation at 350 rpm. The hydro-
tropic agent was prepared by mixing DI water with 93% pure
SXS powder (Stepanate SXS-93, Alsiano, Denmark). The
concentration of SXS during extraction was 30% in all ex-
periments. The pretreated material was added to the reactor

Table 1 Composition (%) of the raw material and STEX-pretreated
material

Raw material Solid fraction after STEX

Carbohydrates 67.8 ± 0.6 67.9 ± 3.8

Glucan 43.5 ± 0.3 60.6 ± 3.0

Xylan 23.3 ± 0.3 6.6 ± 1.1

Arabinan 0 ± 0 0 ± 0

Galactan 0 ± 0 0 ± 0

Mannan 1.0 ± 0.2 0.7 ± 0.2

Lignin 27.4 ± 0.2 28.2 ± 1.4

Acid-soluble 7.0 ± 0.1 3.5 ± 0.4

Acid-insoluble lignin 20.4 ± 0.2 24.7 ± 1.5

Ash 0 ± 0 0 ± 0
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on a DM basis. The heating and cooling times were 20 min
each, regardless of the target temperature during the extrac-
tion. After HEX, the liquid fraction was separated from the
solid fraction using a Büchner funnel that was connected to a
vacuum, equipped with filter paper (Whatman qualitative
filter paper, Grade 3). The liquid was stored in a cold storage
room at 6 °C until further analysis. The solids were washed
sequentially with 0.1 M NaOH, 0.05 M NaOH and DI water
and stored at 6 °C. The DM of the solid was measured in
triplicate at 105 °C on a scale (Mettler PM100, Mettler
Toledo, Ohio, USA) that was equipped with an infrared dry-
er. The composition of the samples was determined using
NREL standard methods.

2.2.3 Precipitation of lignin

To recover the lignin solubilised in the SXS solution after the
HEX, the 30% SXS solution was diluted 10-fold with water in
accordance with previous studies [23]. The diluted solution
was centrifuged in a Sorvall LYNX 4000 Superspeed
Centrifuge (ThermoFisher Scientific Inc., Massachusetts,
USA) at 15,000 G for 10 min. The supernatant was decanted,
and the remaining solids were re-suspended in DI water and
centrifuged again. The resulting supernatant was decanted,
and the remaining solids dried in an oven at 45 °C.

2.3 Factor-screening experiments

An experimental series was designed to determine the effects
of 3 factors on lignin extraction during HEX. A screening
design is an efficient way of investigating the effects of factors
using a limited number of experiments. In this study, the ex-
perimental series was designed according to the 311B screen-
ing design (a hybrid design of experiment methodology de-
veloped from the central composite design methodology) that
was developed by Roquemore [35]. The factors were resi-
dence time, temperature and BL. The conditions in the exper-
iment are given in Table 2.

The lignin extraction after HEX was calculated per Eq. (1):

Exlig ¼ 1−
mlig;SFHEX

mlig;SFSTEX

� �
ð1Þ

where Exlig is the lignin extraction (%),mlig, SFHEX is the mass
of lignin in the solid fraction after HEX (g) and mlig, SFSTEX is
the mass of lignin in the solid fraction after STEX (g). The
data that were generated in the factor-screening experiments
were fitted to a response surface model by multiple linear
regression. During the selection of the factors in the model
main factors, first-order interactions, second-order interac-
tions and quadratic terms were considered.

2.4 Temperature experiments

After the screening experiments, the influence of temperature
on the extraction was examined further at 25 °C, 60 °C, 95 °C,
120 °C, 145 °C, 170 °C, 200 °C, 210 °C, 225 °C and 250 °C.
The lowest temperature of 25 °C was chosen, because it was
close to ambient conditions and because using lower temper-
atures would have required active cooling. The highest

Fig. 1 Schematic diagram of the process for extracting lignin from birch chips

Table 2 Experimental screening design for process parameters

Residence time (min) Temperature (°C) BL (%)

30 150 10.0

30 150 5.0

19 200 8.5

60 168 8.5

40 100 8.5

0 132 8.5

40 200 6.5

60 132 6.5

19 100 6.5

0 168 6.5

30 150 7.5
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temperature of 250 °C was selected as a practical upper limit.
All extractions were performed at a residence time of 60 min
and BL of 5%.

2.5 Pretreatment experiments

A set of experiments were performed to separate the effects of
temperature on the hydrotropic extraction from those of the
preceding STEX, designed as a 2-factor full-factorial experi-
ment with 4 samples. The factors were the temperature during
hydrotropic extraction and the use of STEX pretreatment as a
categorical factor. The temperatures for the hydrotropic ex-
traction were 25 °C and 250 °C. The STEX pretreatment
was represented by the use of milled birch wood chips (not
pretreated) or pretreated birch wood chips, prepared as de-
scribed in the previous section.

2.6 Analytical procedures

2.6.1 Compositional analysis

The DM content was measured as oven-dry weight at 105 °C.
To determine the lignin and carbohydrate content in the birch
chips, the solid fractions after STEX (SFSTEX, Fig. 1) and after
HEX (SFHEX, Fig. 1) were subjected to acid hydrolysis and
then analysed per the NREL [32]. The content of acid-
insoluble lignin (often referred to as Klason lignin) was deter-
mined using a filter crucible with a maximum pore size of
16 μm to collect the solid residue after the acid hydrolysis.
The solid residue was dried at 105 °C overnight and then
weighed. Carbohydrates in the liquid hydrolysate were mea-
sured by isocratic high-performance anion-exchange chroma-
tography with pulsed amperometric detection on an ICS-3000
chromatography system (Dionex, USA) that was equipped
with a Carbo Pac PA1 analytical column (Dionex, USA).
Measurements were performed at 30 °C using DI water as
the eluent at a flow rate of 1 mL min−1. The liquid fractions
of selected samples were analysed per NREL standard proce-
dures for liquids [36]. Carbohydrate content was determined
by high-performance liquid chromatography (HPLC) using a
refractive index detector (RID-10A, Shimadzu, Kyoto,
Japan), with an Aminex HPX-87H column for separation.

2.6.2 Size exclusion chromatography of lignin

Size exclusion chromatography (SEC) was performed on an
Alliance 2695 HPLC system (Waters, Milford, MA, USA)
that was equipped with a 2487-UV detector (Waters,
Milford, MA, USA) at 280 nm and a 2414 RI detector
(Waters, Milford, MA, USA). Separation was conducted
using 2 columns in series: a Superdex 200 Increase (300 ×
10 mm, 9 μm) and a Superdex 30 (300 × 10 mm, 9 μm). The
mobile phase was 0.1 M NaOH. Calibration was performed

using poly-ethylene glycol standards with molecular weights
of 200, 400, 1000, 4000, 10,000 and 35,000 Da. The method
was based on previous research by Baumberger et al. [37].
The lignin samples were dissolved in 0.5% (wt/wt) NaOH to
a concentration of approximately 1 g/L before analysis.

2.6.3 Combustional elemental analysis of lignin

Total carbon, hydrogen, nitrogen and sulphur in the samples
were determined on an elemental analyser (Vario MICRO
cube, Elementar Analysensysteme GmbH, Langeselbold,
Germany). Oxygen was assumed to have constituted the re-
mainder of the material.

3 Results and discussion

3.1 Hydrotropic extraction factor screening

Several models were fitted to the experimental data on lignin
extraction in the factor-screening experiment. Based on the
goodness of fit and residual of the regression analysis, the
model in Eq. (2) was chosen:

Exlig ¼ α1 þ α2 � t½ � þ α3 � T½ � þ α4 � BL½ � þ α5 � t½ �2 ð2Þ

where Exlig is the lignin extraction (%), t is the residence time
(min), T is the temperature (°C), BL is the biomass loading
and α1–α5 are the experimentally determined constants. The
model in Eq. (2) was used to generate response surfaces, as
shown in Fig. 2. The estimated coefficients and their corre-
sponding T-statistics and P-values are given in Table 3. The
values of the coefficients are based on linear regression using
coded variables, from the Roquemore 311B design. This was
done to represent the relative effect of each factor on the ex-
traction of lignin within the range of factor values investigated
in this study.

Based on the results, lignin extraction correlated positively
with temperature, consistent with previous findings that
higher temperature increases lignin extraction during HEX
of sugarcane bagasse and eucalyptus [24, 30]. The residence
time had linear and quadratic effects on lignin extraction, as

Table 3 Coefficients and statistics for the mathematical model
developed for the factor-screening experiment

R2 Coefficients t-test P-
value

0.93 α1 0.593 70.67 0.000

α2 0.0192 4.178 0.006

α3 0.0181 3.946 0.008

α4 0.0188 4.085 0.006

α5 −0.0172 5.514 0.001
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shown by Eq. (2)—i.e. whereas there was a greater effect
initially, increasing the residence time beyond a certain point
decreased the lignin extraction, with a local optimum at ap-
proximately 45 min, as shown in Fig. 2. This pattern indicates
that the maximum achievable lignin extraction, with respect to
residence time, was reached within the span investigated (0–
60min). This was compatible with an earlier study that report-
ed similar nonlinear behaviour for sugar cane bagasse [25];
however, the residence time that was required to reach peak
lignin extraction by Ansari and Gaikar [25] was considerably
higher—approximately 180 min. One explanation for this dif-
ference could be the fact that the material in the present study
was subjected to STEX before HEX. However, other factors
might have accounted for this disparity, such as the use of a
different raw material.

Lignin extraction also correlated positively with BL. This
result was unexpected, because Ansari and Gaikar reported that
the viscosity of a biomass slurry, above a BL of 7.5%, causes
problems during HEX [25], indicating that the extraction effi-
ciency decreases at higher BLs due to limitations in mass trans-
fer. However, because this was not observed, another

explanation is needed. Findings by McKee [17] might explain
this behaviour, reporting that the effectiveness of a hydrotropic
solution improves when the lignin content in the solution in-
creases. Higher BLs signify that more lignin is available in the
reactor, which can result in greater extraction of lignin.

3.2 Hydrotropic extraction temperature dependence

The effects of temperature on lignin extraction were deter-
mined over a range of 25–250 °C. The first notable observa-
tion in these experiments was that between 25 and 95 °C,
lignin extraction above 45% was consistently achieved, as
shown in Fig. 3, demonstrating clearly that temperature has
little to no effect on lignin extraction below a certain point.
Furthermore, this result indicates that STEX renders 45 to
50% of the lignin in the birch chips available for extraction
by SXS.

Between 95 and 200 °C, lignin extraction increased steadi-
ly by approximately 20%, as shown in Fig. 3, consistent with
the results from the factor-screening experiments. This finding
also indicates that a temperature-dependent mechanismmakes

a b

c

BL = 7.5 % Time = 30 min

Temperature = 150°C

Fig. 2 Predicted lignin extraction yield based on the response surface model, fitted to the experimental data from the factor-screening experiment.
Response surface at a constant BL = 7.5%, b constant time = 30 min and c constant temperature = 150 °C

4005Biomass Conv. Bioref. (2023) 13:4001–4009



20% of the lignin in the pretreated birch available for extrac-
tion during HEX, in addition to the 45 to 50% that is already
accessible after STEX. One explanation for this pattern could
be that mild hydrothermal breakdown of the structure occurs,
which breaks bonds and releases bound lignin or reduces the
particle size of lignocellulose, further increasing the interface
between SXS and lignin. However, the exact mechanisms of
this behaviour remain unexplained.

No gains in lignin extraction were observed above 200 °C.
However, the selectivity for lignin during HEX decreased sig-
nificantly, seen in Fig. 3 as an increase in glucan and xylan
extraction. This finding is most likely explained by the more
extensive degradation of the entire lignocellulosic structure at
these temperatures, demonstrating that HEX at high tempera-
tures serves as an extended hydrothermal pretreatment.
Furthermore, as the temperature is increased above 200 °C,
the overall mass loss during HEX increases from 20% or
below to approximately 50% at 250 °C. This means that more
of the solid material (in this case mainly cellulose) is found in
the liquid fraction after HEX. Therefore, when choosing pro-
cess conditions, it is important to keep in mind that there is a
trade-off between the purity of both the cellulose- and lignin-
rich fractions and the potential mass loss that comes with a
higher temperature during HEX.

Notably, at 250 °C, the lignin extraction was 45% but
reached approximately 68% at 225 °C, for which there are 2
potential explanations. On the face of it, these data indicate
that HEX above 250 °C decreases the extractability of the
lignin in the pretreated birch. However, previous studies have
shown that the Klason lignin content in biomass samples can
be overestimated due to the formation of pseudo-lignin [38].
As the calculation of lignin extraction was based on the sum of
the Klason lignin and acid-soluble lignin in the solid fraction
after HEX (SFHEX, Fig. 1), an overestimation of either of these
lignin fractions could be interpreted as a decrease in extracted
lignin. The formation of pseudo-lignin correlates with high
pretreatment severities and acidic conditions [39].
Considering that higher temperatures are linked to greater se-
verities [40] and that the pH in the liquid fraction after HEX
was lower at elevated temperatures (see Table 4), the condi-
tions were suitable for the formation of pseudo-lignin.

Pseudo-lignin is generated from carbohydrates in the ma-
terial, particularly xylan [41]. In this study, analysis of the
liquid samples after HEX showed that the xylan content de-
creased as the temperature rose above 210 °C, as shown in
Table 4. Because the xylan content in the solid fraction de-
clined simultaneously, as shown in Fig. 3, a substantial
amount of carbon was unaccounted for in the mass balance.
Had the xylan been transformed into pseudo-lignin, it would
partly explain the observed decrease in lignin extraction. It
could also indicate that the lignin extraction at temperatures
above 210 °C is actually higher than what has been shown in
this study.

Two notable observations were made with respect to the
structure of the lignin precipitated from the liquid fraction
after HEX. First, the weighted average molecular weight
(Mw) at 200 °C and above decreased significantly, as shown
in Table 5, evidenced as a shift toward smaller Mws at higher
temperatures (Fig. 4), demonstrating that the lignin that was
subjected to HEX at the highest temperatures (200 °C and 250
°C) was reduced in size. Second, in the elemental analysis of
the precipitated lignin samples, the oxygen content was lower
at 200 °C and 250 °C, as shown in Table 5. This finding could
be explained by previous studies that have reported that cleav-
age of ether bonds under acidic conditions accelerates at tem-
peratures above 160 °C [42]. Because ether bond cleavage is
usually a hydrolytic reaction, resulting in the formation of
water, the levels of structural oxygen in the lignin would
decrease.

Fig. 3 Extraction of a lignin (●)
and b glucan (▲) and xylan (■)
versus temperature during
hydrotropic extraction

Table 4 Content of glucose (g/L) and xylan + galactose + mannose
(XyGaMa) (g/L) and pH in the liquid after HEX treatment at various
temperatures

Sample pH Glucose XyGaMa

95 °C 4.36 0.03 0.80

120 °C 4.27 0.03 0.81

145 °C 3.91 0.03 0.87

210 °C 3.32 0.32 0.42

250 °C 2.31 0.45 0.22
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These results suggest that HEX at high temperatures is
advantageous, because a reduction in the size of lignin parti-
cles—i.e. depolymerisation—is often desired for further pro-
cessing of lignin [43]. Yet, the decrease in structural oxygen
could indicate a loss of reactivity, if it was caused by the
breaking of aryl ether bonds in the lignin structure because
such bonds are often considered to be the most reactive bonds
in lignin [44]. Because the usefulness of lignin as a precursor
for chemical synthesis is often judged on its reactivity, a loss
of reactive bonds is generally undesired.

3.3 Influence of STEX pretreatment

To separate the effects of the preceding STEX from those of
temperature during HEX, 2 experiments at each extreme tem-
perature (25 °C and 250 °C) were conducted, in which 2 main
observations were made. First, the extraction was 0% for all
components when performing HEX without a preceding

STEX at 25 °C, as shown in Fig. 5. In contrast, the lignin
extraction was 50% when adding a preceding STEX at the
same HEX temperature. This result confirms the finding that
STEX—i.e. hydrothermal pretreatment—has significant func-
tion in making the lignin available for extraction by SXS. The
second observation is that at 250 °C, the differences in lignin
extraction were small between configurations, as shown in
Fig. 5, further supporting that HEX at elevated temperatures
represents an extended hydrothermal pretreatment, in addition
to its function as an extraction process. These findings under-
score the importance of hydrothermal degradation as a mech-
anism for making lignin available for HEX.

Table 5 Results of elemental and SEC analysis of selected lignin
samples. Carbon and oxygen contents are expressed as a percentage of
dry matter. Mw is the weight averagemolecular weight,Mn is the number
average molecular weight and PDI is the polydispersity index

Sample Carbon content Oxygen content Mw Mn PDI

25 °C 61.4 31.8 5779 1947 3.0

60 °C 60.9 31.4 5650 1844 3.1

120 °C 61.2 31.2 5602 1864 3.0

145 °C 61.1 31.4 5904 1956 3.0

200 °C 63.3 29.4 4805 1963 2.4

250 °C 66.3 26.9 3764 1550 2.4
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Fig. 4 SEC curves of lignin samples

Fig. 5 Comparison of extraction of lignin (black), glucan (grey) and
xylan (striped) at 25 °C and 250 °C with and without STEX as an initial
pretreatment step
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4 Conclusions

In the factor-screening experiments, residence time, tempera-
ture and BL correlated positively with lignin extraction during
HEX of steam-pretreated birch chips. However, the size of the
effects was limited within the range of conditions that were
tested, with lignin extraction falling between 45 and 69%.
Running HEX at temperatures below 100 °C showed that 45
to 50% of the lignin could always be extracted, regardless of
the temperature during HEX. Lignin extraction peaked at 200
°C. Increasing the temperature to above 200 °C did not im-
prove the extraction of lignin; at 250 °C, the lignin extraction
was 45%. Furthermore, under these conditions, the selectivity
of lignin extraction fell due to extensive hydrothermal degra-
dation of the lignocellulosic structure.

Nevertheless, our results demonstrate that hydrothermal deg-
radation is essential for rendering lignin available for extraction
by SXS, regardless of the inclusion of a preceding STEX step.
Collectively, our data show that factors other than the HEX
conditions, such as the inclusion of a preceding STEX, have a
significant influence on the extractability of lignin in birch.
Furthermore, performing sequential fractionation of lignocellu-
losic biomass using the method that has been presented in this
paper allows for lignin extraction of up to 50% under mild
conditions, which has implications on the suitability of the ex-
tracted lignin for further processing. The results presented in
this paper show that there is potential for the process to be
integrated within a lignocellulosic biorefinery. Efficient frac-
tionation of the 3 main components of the biomass creates
new opportunities for efficient utilisation of each fraction.
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