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ABSTRACT: The aim of this study was to examine the influence
of the oxygen atmosphere on hydrothermal fractionation of
Norway spruce at 130−160 °C and 1−50 bar. The quantitative
kinetics and qualitative aspects of the hemicellulose extraction were
studied. The results show that the fractionation can be
considerably enhanced already by low concentrations of oxygen.
The ratio of lignin to hemicellulose extracted from the wood did
not significantly vary with the gas atmosphere. A mathematical
model was successfully developed for the extraction kinetics
revealing an activation energy of 114 kJ/mol and 1/5 reaction
order for the hydronium ion concentration and 1/7 reaction order
for oxygen concentration. The method is easily applicable also to
existing equipment and is nontoxic for obtaining extracts for use
also in, for example, the alimentary and cosmetics industries,
without the need for costly separation steps. Moreover, the process intensification results in increased energy, space, and time
efficiency.
KEYWORDS: hemicellulose extraction, hydrothermal processing, green engineering, mathematical modeling, quantitative kinetics

■ INTRODUCTION
The utilization of biomass in industry has been a growing topic
for many years, and the focus is increasingly shifting to high
value-added products and process intensification in order to
improve the economy of the processes. Numerous types of
biomass have been studied, such as various wood species,
straws, grasses, and biobased industrial side streams, all of
which can be valorized to value-added products with sufficient
processing.1−4

Cellulose, hemicelluloses, and lignin, the main components
of wood-based biomass, can be utilized for different purposes
because of their various structures and reactivity.5−9 The wood
material from the northern hemisphere is abundant and a high-
quality biomass resource.10 For example, conifers such as
Norway Spruce and Scots pine are excellent raw materials for
various applications.11,12 Traditionally, the large-scale products
from spruce wood have been pulp and sawn timber. In the
pulp industry, cellulose and some of the hemicellulose have
been utilized in pulp production, and the remaining part has
been utilized as a source of energy by burning. The biofuel,
chemical, and alimentary industries are able to utilize
monomers and smaller hemicellulose oligomers,13−18 while
sectors such as pharmaceuticals, cosmetics, food packaging,
textiles, and, for example, emulsions in alimentary and health
products require higher molar-mass hemicelluloses.19 In

particular, wood-based hemicellulose extracts have been
gaining increasing interest in the preparation of stable
emulsions for various applications including food, cosmetics,
and paints.20 It has also been observed that hemicellulose
extracts without high-level purification can in many cases
outperform purified fractions as well-functioning stabilizers,
even though the stabilizing mechanisms are not well known
and the process has not been optimized.
The literature describes the extraction of hemicellulose by

various methods, and conventional hot water extraction has
been combined with numerous different additives such as
acids, bases, or organic solvents.21−24 Also, ionic liquids have
been used; however, in large-scale applications, the costs and
recycling are still limiting factors.25 It is possible to enhance the
extraction process even with unconventional physical methods,
such as applying microwaves or high-voltage electric
discharges.26,27 As a whole, the field of research is very broad
and diverse, and it can be concluded that extraction of
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hemicellulosic compounds can be performed with many
different methods. From an industrial viewpoint, the question
is perhaps more by what means it is practical and economically
viable. Some fractionation methods produce good results on a
small scale, but they are not feasible on an industrial scale. The
degradation of hemicelluloses in the process is another very
relevant issue. Severe extraction conditions lead to a higher
degree of degradation to products such as furfural,
hydroxymethylfurfural (HMF), formic acid, levulinic acid,
light alcohols, and other light organic compounds and
condensation products.28

In our previous research, we have studied pressurized hot
water extractions with Norway spruce sapwood at temper-
atures of 90−170 °C focusing on the kinetics of the
hemicellulose extraction process.29−32 The results showed
that it is possible to optimize the extraction conditions,
depending on the desired quality and structure of the extracted
product as well as the kinetics. We also found that there is a
clear correlation between the concentration of hemicellulosic
sugars in the extraction liquor and the hydronium ion
concentration, which offers an easy way to estimate the
concentration of extracted hemicellulose by measuring the pH.
Mathematical modeling of the extraction kinetics showed that
a simple mechanistically based kinetic model can be
successfully used in the modeling and that the activation
energy for spruce hemicellulose hot water extraction is
approximately 120 kJ mol−1.
Optimizing the extraction process by merely changing

temperature, chip size, and extraction time provides somewhat
limited possibilities for process development. However, many
of the intended applications, for example, alimentary and
cosmetics industries require high-purity, contaminant-free
products. This makes the use of other solvents than water
and many additives, such as catalysts, challenging as the
separation after the extraction can be difficult or at least
expensive. This limits in practice the use of many possible
methods developed on a laboratory scale to be applied on a
larger scale in these industries. The stringent regulations set by,
for example, the European Chemicals Agency for the
alimentary and cosmetics fields also limit the use of many
alternatives.
However, one rather easily separable alternative is to use

nontoxic gases with relatively low solubility. In the current
work, we have studied if oxygen or hydrogen can be utilized to
increase the extraction rate of hemicellulosic compounds from
wood, in order to intensify the process. Moreover, the
influence of the dissolved gases on the obtained product was
examined. Additionally, an inert atmosphere was used in
reference experiments. The total dissolved solids (TDSs) and
sugar concentrations were analyzed along with lignin and
furfural concentrations. The core idea of the work was to find a
method of process intensification, which would be relatively
easily applicable on an industrial scale and could be easily
integrated into already existing equipment so that the costs
would be moderate, but the increase in efficiency would be
considerable. The strive was to obtain increased energy, space,
and time efficiency.

■ MATERIALS AND METHODS
Extraction Equipment and Experimental Procedure. A batch

reactor with accurate temperature control was used in the hydro-
thermal fractionation experiments. The total volume of the reactor
was 1 liter, and it was loaded with 40 g of dry wood and 700 g of pure

water, which gave a liquid to solid ratio of ∼17.5. Different pressures
and atmospheres, namely, argon, oxygen, hydrogen, and air, were used
in the experiments. Online monitoring of pressure temperature and
stirring speed was performed.

Spruce (Picea abies) sapwood was used in the extraction studies.
The wood material was obtained from southwestern Finland, and it
was stored in a freezer at −18 °C. The wood material was debarked,
and the knots, heartwood, and compressed wood were removed. The
pure sapwood was then cut into smaller pieces, ground, and dried
before use. Well-fractioned chip sizes, 0.5−1.25 mm, and 1.25−2.00
mm, were used in all experiments. The water content of the materials
was determined by freeze-drying and oven-drying.

The reactor was pressurized with the selected gas and flushed five
times prior to experiments. The pressure was adjusted before the start
of the experiment, and the decrease in pressure caused by the
sampling was compensated by adjusting the pressure to the same level
as before sampling. The experiment was considered to have begun
when the temperature reached 100 °C. The target temperature was
reached within 4−6 min after passing 100 °C.

The solid-to-liquid ratio was identical in all the experiments and the
temperature, pressure, atmosphere, and extraction time were varied.
The experimental matrix is presented in Table S1 in the
Supplementary Material. The sample volumes were small enough to
practically maintain the solid-to-liquid ratio constant. All samples
were rapidly cooled with an internal cooling system and stored at −18
°C.

Solubility of Oxygen. In the temperature range of 130−160 °C,
the solubility of oxygen in water increases with pressure and
temperature.33,34 According to Tromans,34 accurate values of oxygen
concentrations in water can be calculated according to eq 1 where T
(K) is temperature, PO2 (bar) is the oxygen pressure, and caq is the
molality of oxygen. The oxygen concentrations at the experimental
conditions are presented in Table S2 and Figure S1 in the
Supplementary Material. The maximum value obtained at 160 °C
and 50 bar oxygen was 0.05016 mol/kg.
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Sugar Analysis. Hemicellulosic sugars were analyzed in detail by
using acid methanolysis followed by gas chromatograph (GC) analysis
with internal and external standards. Two parallel liquid samples
containing 2 and 4 mg of TDSs were freeze-dried under vacuum, and
the calibration samples were prepared by using a methanol-based
sugar monomer solution and dried under the nitrogen flow, which
contained a known amount of the sugar monomers to be analyzed.
Two milliliters of 2 M HCl/MeOH (anhydrous) was added to the
samples and then put into an oven for 3 h at 100 °C. After cooling,
the samples were neutralized, and the internal standard, resorcinol,
was added. Resorcinol has been found to function as a stable well-
soluble standard in the methanolysis/GC analysis. The samples were
dried under nitrogen flow and vacuum desiccator. The dried samples
were derivatized using silylation reagents and left to wait until the
following day when the derivatized samples were transferred into the
GC-vials and analyzed by a GC-FID.35−37

Lignin Analysis. Lignin concentrations were determined from the
wood chips before and after hydrothermal treatment by a modified
Klason-lignin method using duplicate samples of extracted wood
metal, 0.5 g (dry weight) per sample. The method is more precisely
described by Klason and Dence.38,39 The repeatability of the analysis
duplicates was very good with standard deviation being less than 1%.
Acid-soluble lignin was determined with a UV/Vis spectrometer,
Lambda 40, PerkinElmer (λ = 205 nm).

Furfural and HMF Analysis. Furfural and HMF levels were
determined from Klason-lignin filtrate by high-pressure liquid
chromatography (HPLC) with a UV diode array detector. Series of
dilutions were made to achieve a reliable range of detection, and
calibration curves for furfural and HMF were made at 276.4 and 284.4
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nm, respectively. The method is more precisely described by
Korpinen et al.40 on pages 973 and 974 in the section entitled
“Furfural (F) and hydroxymethylfurfural (HMF).”

■ RESULTS AND DISCUSSION
The hemicellulosic carbohydrate content (hemicellulosic
sugars) of the spruce chips was according to analysis: 0.005
g/g 4-O-methyl glucuronic acid, 0.012 g/g arabinose, 0.016 g/
g galactose, 0.013 g/g galactonic acid, 0.038 g/g glucose, 0.091
g/g mannose, 0.002 g/g rhamnose, 0.054 g/g xylose, and 0.231
g/g total in dry wood.

Influence of Atmosphere. Three chemically distinct gas
environments were selected for this study. Inert argon was
used as a reference, and particular interest was placed on the
use of oxygen in the process. Also, the effect of hydrogen on
the extraction was investigated in order to compare the
influence of a reductive environment with an inert and
oxidative atmosphere.
The effect of hydrogen on the extraction was tested at 150

°C with a hydrogen pressure of 30 bar, and identical results
were obtained with the experiments performed with an inert
argon atmosphere at 20 bar and 150 °C. A pressure of 30 bars

was used with hydrogen to elevate the liquid-phase
concentration and ease the detection of any possible deviation
from the results obtained under inert conditions. The obtained
results clearly showed that there was no influence of the
hydrogen on the kinetics, while the presence of oxygen clearly
affected the extraction kinetics (Supplementary Material Figure
S2), and the experiments were continued with oxygen and
argon.

Influence of Temperature in the Inert Atmosphere
and under O2. The oxygen and argon pressures were held
constant, and the temperature was varied in order to determine
the influence of temperature on the qualitative and quantitative
aspects, that is, kinetics of the extraction in both atmospheres.
The results showed that the rate of the extraction of both the
TDSs and hemicellulose increased significantly with temper-
ature. At a temperature of 160 °C, the extraction rate is rapid,
especially in the presence of oxygen, and the maximum
concentration of hemicelluloses in the liquid phase is reached
already after 40 min of extraction. After this stage, in the
presence of oxygen, the concentration of hemicellulose no
longer increases, and the dissolved hemicelluloses begin to
further react to, for example, furfural and HMF. For TDSs, the

Figure 1. Concentration of TDSs and hemicellulosic sugars as a function of time at different atmospheres and pressures at 130 °C (a,d), 140 °C
(b,e), and 150 °C (c,f).

Figure 2. Concentration of TDSs (a) and hemicellulosic sugars (b) as a function of time at different atmospheres and pressures at 160 °C.
Pressures are absolute pressure when the reactor was loaded, except for the denotation O2 0.21 bar, which corresponds to air with a total pressure
of 1 bar of which 0.21 bar is oxygen.
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higher the oxygen concentration in the reactor, the faster the
maximum concentration was reached. At the last experimental
points, the TDS was in average 7.5% higher with 50 bar oxygen
compared to 20 bar oxygen, and the sugar concentration was
17% higher. After 2 h of extraction at 160 °C, with 50 bar
oxygen, only a minor loss of the TDSs was observed. More
details can be found in Figure S3 in the Supplementary
Material.

Influence of Oxygen Pressure. When the temperature
was kept constant, the change in oxygen pressure influenced
the extraction kinetics. This could be clearly observed when
the oxygen partial pressure in the reactor was increased and
compared to reference experiments with argon gas.
At 130 °C, the difference between experiments performed

with 20 and 50 bar of oxygen was very small (Figure 1a,d),
especially when looking at the concentration of sugars. When
the extraction temperature was raised to 140 °C, the difference
between experiments performed with 20 and 50 bar of oxygen
was 8.3% larger (Figure 1e) when looking at the concentration
of sugars. When the temperature was raised to 150 °C, the
extraction rate increased substantially with both argon and
oxygen atmospheres (Figure 1c,f). Moreover, the extraction
rate increased 10.3% with higher oxygen pressure (20 and 50
bar) when determined with sugar concentration (Figure 1f).
Experiments at 160 °C were performed at five different

pressures of oxygen to obtain more accurate quantitative
information on the effect of oxygen concentration on the
process kinetics. An argon atmosphere was used as a reference.
The results in Figure 2a show that the concentration of TDSs
increases faster when the pressure (and concentration) of
oxygen was higher. The highest concentration of the extracted
hemicelluloses in liquid phase was obtained approximately
after 40 min of extraction when using 20 and 50 bar of oxygen,
while under an inert atmosphere, three times longer extraction
times were needed to achieve similar concentrations (Figure
2b). Experiments performed under air at ambient pressure
showed that the results are very similar to experiments
performed under an argon atmosphere.

Influence of Chip Size. For examining if an increase in the
chip size influences the rate of the extraction, experiments with
larger chips (1.25−2.00 mm) were performed at 150 °C with
argon and oxygen atmospheres at 20 and 50 bars pressure. The
difference between the amount of dissolved solids and sugars
from 1.25 to 2.00 mm chips compared to 0.5 to 1.25 mm chips
was small, practically negligible under an inert atmosphere.
Under an oxygen atmosphere, the difference in the amounts of
dissolved solids was under 10% and in dissolved sugars even
less in every experiment. More details can be found in Figure
S4 in the Supplementary Material. The results clearly show
that internal mass transfer did not significantly limit the
extraction rate, but that other factors such as chemical kinetics
governed mainly the overall extraction kinetics.

Reproducibility of the Extractions. The reproducibility
of the extraction experiments was examined by performing
duplicate experiments at 160 °C under different atmospheres.
The concentration of sugars was determined from the
experiments, and the standard deviations were between 3
and 5 per cent. The results can be seen in Figure S5 in the
Supplementary Material.

Ratio of TDSs and Hemicellulosic Sugars in the
Liquid Phase. The ratio of dissolved hemicellulosic sugars to
TDS was examined from the liquid-phase samples as the
extraction progressed. This provides an indirect indicator if the
addition of oxygen favors lignin or sugar extraction, as it is
reasonable to assume that the majority of the nonhemicellu-
losic compounds dissolved are lignin. This information also
reveals aspects of the reaction mechanisms involved. With an
inert atmosphere and at 20 and 50 bar of oxygen at 130 °C, the
ratio of hemicellulose to TDSs remained the same as with an
inert atmosphere (Figure 3a). It could also be observed that
the ratio of the sugars and TDSs was linear. Moreover, the
TDS increased more rapidly compared to the sugar
concentration, that is, the slope is not 1, which means that
also other compounds besides sugars were extracted. The slope
is about 2/3, which shows that the sugars accounted for about
66% of the extracted compounds. Moreover, the linearity

Figure 3. Concentration of hemicellulosic sugars as a function of TDS at different pressures of oxygen at (a) 130 °C, (b) 140 °C, (c) 150 °C, and
(d) 160 °C.
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shows that the liberation rate of the sugars and the
accompanying compounds is equal.
When the temperature was raised to 140 °C, the ratio of

hemicellulosic sugars and TDS stayed similar (Figure 3b) as at
130 °C and no significant differences were observed depending
on the atmosphere type. However, a somewhat higher sugar to
TDS value of 0.65 was observed with 50 bar of oxygen after 80
min of reaction compared to 0.56 obtained with argon (Figure
3b). At 150 °C, an oxygen concentration obtained at 50 bar
resulted in a somewhat higher sugar/TDS ratio of 0.69 after 40
min or reaction compared to a value of 0.56 obtained with
argon (Figure 3c). At 160 °C, however, the ratio of sugars to
TDS remained about 2/3 in the early stages of the extraction,
but large deviations from the linear behavior were observed at
higher concentrations (Figure 3d). While the TDS remained
rather constant, the concentration of sugars decreased
significantly. This can be explained by the degradation of
sugars. Moreover, the degradation increased with increasing
oxygen pressure, while under inert conditions, degradation was
practically not observed.
Overall, the ratio of total hemicellulosic sugars to TDS

remained rather constant throughout the studied temperature
range of 130−160 °C. The degradation of the hemicellulosic
sugars at longer extraction times at the highest temperature of
160 °C altered the situation as observed at TDS values over 15
g/dm3 in Figure 3d. Before the degradation of the sugars, the

results from the different experimental conditions align well
with a linear fit showing that the extraction rates of
hemicelluloses and lignin are in equal proportions despite
the varying reactive environment and change in kinetics. This
implies that oxygen promotes the detachment of both from the
wood matrix equally and that hemicelluloses and lignin
fragments are possibly extracted together. The fit of all the
data points without significant sugar degradation to a linear fit
is displayed in Supplementary Material Figure S6.
Lignin content was determined from the raw and residual

chips based on absorbance from the residues of the
experiments performed at 160 °C with argon and oxygen.
The virgin raw material was analyzed with the same method to
compare the results before and after extraction, and it
contained 26.6% acid-insoluble lignin and 0.334% acid-soluble
lignin. The results of the Klason-lignin determination (Table
S3) show that slightly more lignin was dissolved when oxygen
was used compared with argon; however, the difference is less
than 5% of the solid substance.

Furfural and HMF Analysis. Furfural and HMF contents
were determined from the liquid phase by HPLC for
experiments performed at 160 °C with argon and oxygen at
20 bar pressure. The concentrations obtained under argon
were higher (0.1657 g/dm3 furfural and 0.1213 g/dm3 HMF)
than with oxygen (0.0541 g/dm3 furfural and 0.0426 g/dm3

HMF), which can be explained by further conversion of

Figure 4. pH (a) and the proton concentration (b) as a function of time during extraction experiments.
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furfural and HMF to formic acid, levulinic acid, and light
alcohols, which occurred more rapidly in the oxidative
environment. Overall, it can be concluded that the amounts
of furfural and HMF were low, below 2% of the TDS, which
indicates rapid consecutive reactions.

Change in pH during the Extraction. The pH of the
samples taken during the experiments was measured after
cooling to room temperature. The pH was observed to
decrease significantly during the extraction process, as can be
seen in Figure 4a. The decrease, however, varied significantly
depending on the temperature and the oxygen concentration.
The lowest pH was about 2.35 obtained at 160 °C under high
pressure of oxygen, while the pH did not go below 4 at 130 °C
under an argon atmosphere. The strong decrease in the pH can
be partly explained by acetyl groups being liberated from the
hemicelluloses during the extraction and forming acetic acid.
However, the very significant difference in the proton
concentration, which is displayed in Figure 4b, and its
dependence on the oxygen concentration cannot be explained
purely by the formation of acetic acid. The oxygen promotes
the formation of acids such as formic and levulinic acid from
the hemicellulosic sugars. Moreover, oxygenation of the sugars
to sugar acids is also a viable reaction route.

Mathematical Modeling. A mathematical model for the
complex overall extraction kinetics of the TDSs from the
spruce chips (eq 2) was utilized in the current work. The
model is based on the assumption of irreversible reactions, a
porous solid particle, and not considering explicitly internal
diffusion resistance. The diffusion resistance was incorporated
in the merged rate constant ki. The model takes into account
the temperature (T (K)), the change in the concentration of
H3O+ (cH+ (mol/L)) during the extraction measured from
each liquid phase sample extracted from the reactor, the liquid
phase concentration of oxygen (mol/L) as well as the
dissolvible hemicellulose, and lignin concentration in the
solid biomass during the extraction (cs (g/dm3)). The
parameters n1 and n2 are the reaction orders of the
hemicellulose and H3O+ concentrations, respectively, and Ea1
(J/mol) is the apparent activation energy and R is the universal
gas constant (J/(K·mol)). A modified Arrhenius equation (eq
3) for the rate constant ki, in which the reference temperature
(Tmean in eq 4) is 150 °C, was used to take into account the
influence of temperature on the reaction rate. The modified
version was used to suppress the correlation between the
activation energy and the pre-exponential factor (k11) in
regression analysis.

Figure 5. Fit of the model (solid line) to the experimental data (symbols) for experiments performed at 130 and 140 °C (a) and at 160 °C (b)
under different oxygen pressure.
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In eq 3, k11 is the value of the rate constant at the reference
temperature (Tmean).
First-order kinetics was obtained for the dependence of the

reaction rate on the hemicellulose concentration (n1), which
corresponds to a very porous solid material as described in the
literature.41,42 The reaction order reflecting the dissolution rate
on the concentration of the hydronium ion, that is, the pH,
(n2) obtained a value 0.207, while the reaction order in oxygen
(n3) obtained a value of 0.139. These values show that both
oxygen concentration and pH influence the extraction rate.
The mechanisms by which these parameters influence the
extraction rate are most probably related to the detachment of
the hemicellulose and lignin fragments from the wood matrix.
Moreover, the acid-catalyzed hydrolysis of the very large
hemicelluloses promotes the diffusion of the hemicellulosic
fractions out from the wood matrix, and low pH can promote
subsequent acid formation from the monosaccharides.43 It
must be kept in mind that the relative concentration of oxygen
and hydronium ions increased by a factor of 240 and 350,
respectively. These large, easily achieved variations emphasize
the importance of both parameters in the extraction rate
despite their low reaction orders.
The parameter value Ea1 = 114 (kJ/mol) was obtained for

the activation energy, which corresponds well with values
obtained previously for aqueous extraction of hemicelluloses

from spruce chips.21,31 The pre-exponential factor k11 obtained
a value of 0.235 (gL(n2 − n3) − 1/mol(n2 + n3)).
A value of 98.24% was obtained for the R2, which indicates

how well the model aligns with the data points. The fit of the
model to the experimental data is displayed in Figure 5a,b. The
results show that the model is adequately able to explain the
experimental data, even though the concentration differences
in both the oxygen and hydronium ion concentrations are so
large.
To check the reliability of the obtained parameters, a

sensitivity analysis was performed. The value of one of the
parameters (presented on the x-axis) was changed, while the
others were kept constant at the optimum value obtained in
the modeling, and the value of the objective function was
calculated. It is important that a clear minimum is found, as
observing step changes or obtaining the same value for the
objective function with a broad range of parameter values, for
example, would show that the parameters are not well-defined,
which is frequently encountered. The results in Figure 6
indicate that a clear minimum was obtained for the objective
function for each parameter.
To evaluate the correlation between the parameters, contour

plots were made (Supplementary Material Figure S7). The
analysis demonstrates that no strong correlations could be
observed, as changing the value of one or both of the
parameters was found to lead to nonoptimal values of the
objective function. This increases the reliability of the
parameter values.

■ CONCLUSIONS
The kinetics of hemicellulose extraction from wood by
hydrothermal treatment can be significantly enhanced by

Figure 6. Sensitivity analysis of the parameters k11 (a), n2 (b), n3 (c), and Ea1 (d).
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introducing an oxygen atmosphere, and significant gain can be
obtained already with low concentration, for example, 0.002
mol/dm3 obtained with 2 bars pressure. The carbohydrate/
lignin ratio of about 2/3 was not altered by the oxygen-induced
extraction compared to inert conditions. A mathematical
model taking into account the change in pH, dissolved oxygen
concentration, and temperature was successfully developed for
the extraction kinetics. The process intensification method is
easily applicable also to existing equipment and the method is
compatible with, for example, alimentary, and cosmetic
production, and no costly reagent/catalyst separation is
required. However, more detailed studies on the influence of
the reaction conditions on the final product are needed.
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