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Abstract
The depletion of fossil resources is driving forward the search for new and alternative renewable feedstocks in the production of
renewable chemicals, which could replace the petroleum-based ones. One such feedstock is pine (Pinus sylvestris) sawdust,
which is generated enormous amounts in Finnish sawmills yearly. However, prior to the utilization in high-value applications, it
needs to be fractionated into its constituents. In this work, the objective was to produce monomeric hemicellulose sugars from
pine sawdust without degrading cellulose or lignin simultaneously. The influence of the reaction temperature and time, as well as
acid type and concentration, was studied. Based on the results, the temperature was the main distinguishing feature between
cellulose and hemicellulose hydrolysis. Promising results were achieved with acid mixtures consisting of 0.5% sulfuric acid and
5.5 or 10% formic acid. At 120 °C with the reaction time of 2 h, the mixtures produced hemicellulose sugars with the yields of
62%. These yields were comparable to the yields achieved in similar conditions with 1.5% sulfuric acid or 40% formic acid.
Therefore, by using an acid mixture, the concentration of a single acid could be reduced significantly. The solid fractions
remaining after the hydrolysis consisted mainly of cellulose and lignin, which verified the selectivity of the hemicellulose
hydrolysis. Also, the fractionation of the remaining solids confirmed that the utilization of all the sawdust components is feasible.

Keywords Pine sawdust . Hydrolysis . Fractionation . Hemicellulose . Sulfuric acid . Formic acid

1 Introduction

Scots pine is the main raw material used by sawmills in north-
ern countries, like Finland and Sweden. The utilization of
wood produces enormous amounts of side streams like saw-
dust. Approximately, ten million m3 of sawdust and
woodchips is generated at sawmills in Finland yearly [1].
Typically, sawdust is utilized as pellets for energy production,
but burning does not allow the full utilization of the potential
in sawdust structure. Thus, sawdust and other side streams of
lignocellulosic biomasses (LCBs) should be utilized otherwise
in higher-value applications. LCBs are, e.g. an excellent
source of platform sugars, which can be further refined to fuels

or chemicals and thus be used as a replacement for fossil- or
food-based feedstocks [2].

A major challenge in the utilization of LCBs is the inter-
weaving nature of biomass constituents: cellulose, hemicellu-
lose, and lignin [3]. Lignin is a cross-linked phenolic polymer
that fills the spaces on the cell wall between linear cellulose
polymers and branched hemicellulose polymers [4]. In order
to efficiently utilize the whole biomass, its large polymer con-
stituents have to be separated. Separation is difficult due to the
numerous intra- and intermolecular hydrogen bonds between
the constituent polymers and it is constantly studied.
However, the difference in the polymer size and chemical
structure of cellulose, hemicellulose, and lignin gives them
different reactivities. Lignin and hemicellulose can be separat-
ed from cellulose by an alkaline treatment, while hemicellu-
lose can be separated from the other two constituents by a
dilute (< 4 wt%) sulfuric acid hydrolysis. The use of concen-
trated acid on the other hand removes both hemicellulose and
cellulose [2].

Hydrolysis of biomass, where the lignocellulosic polysac-
charides are hydrolyzed into sugars, is utilized during the frac-
tionation and pretreatment of LCB. Hydrolysis is usually per-
formed in acidic conditions, in which the efficiency of the acid
determines the extent of the hydrolysis. Commonly, diluted
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sulfuric acid (0.05–5%) is used as a reaction media at reaction
temperatures of 100–150 °C [5–7]. On the other hand, organic
acids, such as oxalic acid, maleic acid, and formic acid, are
used, especially in the hydrolysis of hemicellulose [8–12].
The benefit of using organic acids is that they are less corro-
sive than sulfuric acid. However, their efficiency in hydrolysis
is lower than the efficiency of sulfuric acid. Therefore, in
pretreatment purposes, the high concentration of formic acid
(40–60%) has been used at temperatures of 107–121 °C, but at
higher temperatures (150–200 °C), also lower formic acid
concentration has been used (e.g., 8%) [13–16]. To enhance
the efficiency of hemicellulose hydrolysis, additional catalysts
have been used, e.g., Sindhu et al. [13] used 0.6% sulfuric acid
and Vanderghem et al. [14], 40% acetic acid as additional
catalyst. In addition, very high formic acid concentration (up
to 90%) has been used at moderate temperatures (100–130 °C)
when the aim has been to remove hemicellulose and lignin
from lignocellulosic feedstock prior to cellulose refining [11,
12, 17].

In this work, Scots pine sawdust was used as the raw ma-
terial. The aim of the study was to separate hemicellulose from
the sawdust as monomeric sugars via acid hydrolysis (Fig. 1).
Similar approach has been used in recent studies for poplar
wood, Scots pine chips, and maritime pine sawdust [18–20].
However, to the best of our knowledge, the selected approach
has not been applied to Scots pine sawdust before. Since the

variety of lignocellulosic feedstocks is enormous, each bio-
mass must be studied separately to find the optimal reaction
conditions to produce desired products. In this study, the re-
action conditions, e.g., reaction time and temperature, were
optimized to maximize the sugar yield from hemicellulose
and to minimize the further degradation of hemicellulose
sugars as well as cellulose hydrolysis. Special attention was
paid to the used acid concentration and type, i.e., sulfuric acid,
formic acid, or their mixture. The aim was to find an acid
mixture, which would be as efficient in hemicellulose hydro-
lysis as sulfuric or formic acids alone but in which the con-
centration of a single acid would be significantly lower than in
single acid reactions. The results were confirmed by analyzing
selected solid residues remaining after the hydrolysis experi-
ments [21].

2 Experimental

2.1 Materials

The pine sawdust was received from a sawmill in northern
Sweden and was used as such in hydrolysis reactions.
Sulfuric acid (95–98 wt%) and formic acid (98 wt%) were
purchased from J. T. Baker, and distilled water was used.

Fig. 1 Schematic presentation of
pine sawdust fractionation into its
constituents
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2.2 Methods

2.2.1 Chemical characterization of pine sawdust
and unhydrolyzed solid residue

Pine sawdust and unhydrolyzed solid residues (USR)
were dried in an oven at 105 °C until constant weight.
The ash, lignin, extractive, α-cellulose, and hemicellulose
content of the pine sawdust were determined using multi-
ple methods. All analyses were carried out in duplicates,
and the results are presented in Fig. 2 as mean values of
the duplicates.

The ash content was determined using the procedure
described by Sluiter et al. [22]. To determine organic ex-
tractives, a biomass sample (3 g) was extracted with
150 mL of acetone for 4 h using Soxhlet extraction equip-
ment, according to TAPPI standard [23]. The produced
extractive-free samples were utilized further to determine
lignin and holocellulose content. Klason lignin was deter-
mined after two-step acid hydrolysis of the wood sample
according to Sluiter et al. [24]. Acid-soluble lignin was
determined by UV spectroscopy from the hydrolysate ob-
tained from the hydrolysis, as described by Ehrman [25].
The amount of lignin is presented as the sum of the acid-
insoluble and acid-soluble lignin.

Holocellulose was prepared from the extractive-free sam-
ple by applying the procedure described by Rowell et al. [26].
Generally, 1.15 g of extractive-free sample, 38 mL of distilled
water, 0.25 mL of acetic acid, and 0.6 g of sodium chlorite
were allowed to react in a 250 mL Erlenmeyer flask at 70–
75 °C in a water bath. After 60 min, an additional 0.25 mL of
acetic acid and 0.6 g of NaClO2 were added. After each suc-
cessive hour, a fresh portion of 0.25 mL of acetic acid and
0.6 g of NaClO2 was added. After 5 h, the flask was allowed to
cool, and the solid holocellulose was filtered. The solid resi-
due was washed with distilled water until the yellowish color
was removed. Finally, the holocellulose was washed with ac-
etone, dried in an oven overnight at 105 °C, and weighed. The
residual lignin content in holocellulose was determined using
a method similar to the method mentioned earlier.

The α-cellulose content of the holocellulose was deter-
mined by applyingmethods by Styarini et al., TAPPI standard,
and Yokoyama et al. [27–29]. In this procedure, 0.5 g of
holocellulose and 25 mL of 17.5% NaOH were placed in a
250 mL Erlenmeyer flask and stirred until the holocellulose
was completely dispersed. The stirrer was then removed and
washed with 5 mL of 17.5% NaOH to make the total reagent
content in the flask 30 mL. The flask was stirred thoroughly
with a glass rod and left in a water bath at 25 °C. Then, 30 min
after the addition of the NaOH reagent, 30 mL of distilled
water was added to the suspension and stirred thoroughly with
a glass rod. The flask was left in the bath for another 30 min.
Then, the suspension was stirred and filtered. The solid α-
cellulose was first washed with distilled water, then with
15 mL of 10% acetic acid, and finally with 400 mL distilled
water. The hemicellulose content was obtained by subtracting
the α-cellulose content from the holocellulose content.

Ash, lignin, and extractive content of unhydrolyzed solid
residue were measured similarly as described above [22–25].
In addition, carbohydrate content of USR was determined
according to Sluiter et al. [24].

2.2.2 Hemicellulose hydrolysis procedure

Reactions were carried out with a Parr pressure reactor. A 300
mLTeflon cup was used as a reaction vessel inside the stain-
less steel reactor. Pine sawdust (7.5 g) was weighed into the
reaction vessel, and 150 mL of studied acid solution was
added (the liquid-to-wood ratio was a constant 20 mL/g).
Sulfuric acid, formic acid, or a mixture of these acids was used
at the different concentration levels, as described in Table 1.
After feedstock and acid addition, the reactor was closed and
heated to the desired temperature (100, 120, or 140 °C). After
a reaction time of 1, 1.5, or 2 h, the samples were cooled with
an ice bath and filtered with a 0.45-μm PTFE syringe filter.
The solid residue was washed with 100 mL of water, dried,
and weighed. Some (1/5) of the reactions were randomly du-
plicated, and results from those reactions are shown as mean
values of duplicates.

Fig. 2 Chemical composition of
pine sawdust according to dry
wood mass percentage
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2.2.3 HPLC analysis

The monosaccharide (mannose, xylose, galactose, glucose,
and arabinose) and degradation product (HMF and furfu-
ral) concentrations of the hydrolysates were analyzed with
high-performance liquid chromatography (HPLC). An
Agilent 1200 series chromatograph equipped with an
ICSep ICE-Coregel 87H3 (Transgenomic) column was
used. The mobile phase was 5 mM sulfuric acid with a
flow rate of 0.8 mL/min, and the column was operated at
a temperature of 60 °C. Compounds were detected using a
refractive index detector. The quantitation of the com-
pounds was based on multiple-point external calibration.
The validity and reproducibility of the calibration were
confirmed by measuring control samples with each sample
sequence. All samples were measured as duplicates, and
the results have been reported as averages.

2.3 Equations

The theoretical amounts of hemicellulose and cellulose in
the starting material were calculated from the biomass
characterization results (see Section 2.2). The maximum
amount of hemicellulose and cellulose was 26 and
44 wt% of the dry wood mass, respectively. Cellulose is
known to be composed of glucose units, so its molar mass
was calculated by subtracting water molecule from the glu-
cose unit and was approximated to be 162.14 g/mol. Pine
hemicellulose is known to compose of pentose and hexose
units, whose amounts according to literature are mannose
11.43 wt%, xylose 6.30 wt%, galactose 2.56 wt%, and
arabinose 1.60 wt% [30]. The amount of glucose in hemi-
cellulose was approximated to be 4.1 wt%, by subtracting
the amounts of other hemicellulose sugars from the total
amount of hemicellulose. The abovementioned amounts of
hexoses and pentoses in hemicellulose were used to ap-
proximate that their ratio is 7:3. The ratio was then used
to calculate the molar mass of pine hemicellulose. Molar
masses of 162.14 g/mol and 132.11 g/mol were used for
hexoses and pentoses, respectively. When calculating the

molar yield percentages, the total glucose yield was calcu-
lated from the total amount of glucose in cellulose and
hemicellulose (48.1 wt%). The hemicellulose sugar yield
was calculated using an assumption that maximum glucose
amount from hemicellulose is 4.1 wt%. If detected that
mass of glucose was higher than that, the excess was not
noticed as hemicellulose sugar.

The molar yield percentages (Yi) were calculated as fol-
lows:

Ytotal glucose mol%ð Þ ¼ mglucose

0:481� msawdust
� 162:14

180:16

� 100% ð1Þ

Yhemicellulose sugars mol%ð Þ ¼ mmanþxylþgalþaraþglu

0:26� msawdust

� 0:7� 162:14þ 0:3� 132:11
0:7� 180:16þ 0:3� 150:13

� 100%

ð2Þ

wheremsawdust is themass (g) of the sawdust used in the reaction
and mglucose as well as mman + xyl + gal + ara are the masses (g) of
corresponding monosaccharides obtained from the hydrolysate;
mglu is the mass (g) of glucose obtained from the hydrolysate if
the value is below the maximum value of glucose originating
from hemicellulose; otherwise, the maximum value of glucose
originating from hemicellulose was used.

In USR composition analysis, results were calculated as
wt% of USR dry mass. In addition, the amount of lignin in
USR was calculated as wt% based on dry mass of original
sawdust as follows:

Lignin in USRsawdust ¼ Lignin in USR� Yield of USR ð3Þ

where Lignin in USR is wt% of lignin in USR based on the
dry mass of USR, and yield of USR is the ratio of the dry mass
of USR and the dry mass of original sawdust.

Table 1 Three different acid types were studied in hemicellulose
hydrolysis: sulfuric acid (H2SO4), formic acid (HCOOH), and an acid
mixture (sulfuric acid + formic acid). Each of the acid types had three

different concentration levels: low, medium, and high. The concentrations
are reported as mass percentages, and the measured pH values are marked
in brackets

Acid type Concentration levels and pH of the acid solutions

Low Medium High

H2SO4 0.5% (1.30) 1.5% (0.90) 2.5% (0.73)

HCOOH 15% (1.38) 30% (0.95) 40% (0.61)

H2SO4

HCOOH

�
0:5%
5:5%

�
(1.16)

0:5%
10%

�
(1.09)

0:5%
15%

�
(1.01)
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3 Results and discussion

Three different reaction temperatures, reaction times, and
acid concentrations were studied for each acid type to
find the best reaction conditions to hydrolyze only the
pine hemicellulose and not the cellulose. The lowest tem-
perature was studied only with the most concentrated
acid solutions, and the highest temperature was studied
only with the least concentrated acid solutions to utilize
reasonable reaction conditions. To observe hemicellulose
hydrolysis, the total amount of hemicellulose sugars
(mannose, xylose, galactose, arabinose, and glucose)
were determined from a liquid hydrolysate. The presence
of those sugars was used as a response of the conversion
reaction. Presented total amounts of glucose include glu-
cose from both hemicellulose and cellulose. If the
amount of total glucose was higher than the maximum
amount of glucose in hemicellulose (7.7 mol%), it indi-
cated that the cellulose had hydrolyzed. Furthermore, the
presence of furfural and HMF, which are degradation
products of hemicellulose and cellulose sugars, respec-
tively, indicated that the hydrolysis reaction had
proceeded too far. Therefore, the objective was to keep
the HMF, furfural, and excess glucose amounts as low as
possible and to maximize the total amount of hemicellu-
lose sugars.

3.1 Effect of temperature

Temperature was one of the studied variables, and the yields
of hemicellulose sugars and total glucose were followed as a
function of time during the reactions. The studied reaction
temperatures were selected based on the literature [5]. The
obtained results were divided into groups according to the
temperature (100, 120, and 140 °C) regardless of the type or
concentration of the acid used (Figs. 3 and 4). In Fig. 3, the
yield of total glucose is shown as a function of time. The left y-
axis shows the yield of total glucose as mol% of total glucose
in sawdust (cellulose and hemicellulose) and the right y-axis
as wt% of the original pine sawdust. A dotted line has been
drawn in Fig. 3 to illustrate the maximum amount of glucose
(4.1 wt% of sawdust = 7.7 mol% of total glucose) that could
be produced from hemicellulose. Hence, the yields above the
dotted line indicate that cellulose was hydrolyzing at the stud-
ied reaction conditions. The corresponding yield of hemicel-
lulose sugars is presented in Fig. 4.

The temperature significantly affected the yields. As was
assumed, the lowest temperature, 100 °C, produced the lowest
yields for both hemicellulose sugars and glucose. After 1 h at
100 °C, the yields were 10–28% and 1% for hemicellulose
sugars and total glucose, respectively (see the blue lines in
Figs. 3 and 4). A longer reaction time (2 h) increased the yield
of hemicellulose sugars to 15–41%, but total glucose yield

Fig. 3 Influence of reaction
temperature (red/orange/blue
lines), acid type, and acid
concentration on glucose yield as
a function of time. The left y-axis
shows the yield of glucose as
mol% from total glucose and the
right y-axis as wt% from the
original pine sawdust. The dotted
line illustrates the maximum
amount of glucose (4.1 wt% of
sawdust = 7.7 mol% of total
glucose) that can be produced
from hemicellulose
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remained low (≤ 2%). Temperatures of 120 and 140 °C
were both suitable temperatures to produce hemicellu-
lose sugars with a yield of 35–71% (see the orange
and red lines in Fig. 4). No clear distinction was ob-
served between these temperatures when the hemicellu-
lose sugar yields were compared. However, when the
total glucose yields were studied, the disparity of the
yields at 120 and 140 °C was clear. After 1 h, the total
glucose yields were 2–5 and 6–10% at 120 and 140 °C,
respectively, indicating that higher temperatures in-
creased the hydrolysis of cellulose. At 140 °C, in reac-
tions longer than 1 h, the yield of total glucose was
above 7.7 mol%, which illustrated that cellulose was
also hydrolyzing at these temperatures. In addition, at
higher temperatures, the longer reaction time generally
increased the yields, but the type and concentration of
the acid strongly influenced the outcome of the
hydrolysis.

Based on the results, 120 °C was the optimal temperature
for selective hydrolysis of pine sawdust hemicellulose. At
140 °C, the cellulose was hydrolyzed along with the hemicel-
lulose due to the higher temperature. The result is in

accordance with Arslan et al. who reported that cellulose of
hazelnut shells hydrolyzed along with hemicellulose at tem-
peratures above 120 °C [31].

3.2 Effect of acid and reaction time

Sulfuric acid and formic acid were chosen for the study based
on the suggestions from the literature [6, 32]. Both acids were
first studied as single acid solutions (Table 1), and the results
were compared to literature in order to verify the selected
methodology. Then the mixtures of sulfuric and formic acid
were studied as the reaction medium (Table 1), and the results
were compared to the results from single acid solutions as well
as to literature. As previously stated, a temperature of 100 °C
was too low to hydrolyze properly neither the cellulose nor the
hemicellulose, so only higher temperatures are discussed in
this section.

3.2.1 Sulfuric acid

Sulfuric acid was studied as the reaction medium with con-
centrations of 0.5, 1.5, and 2.5%. The reactions were first

288 Biomass Conv. Bioref. (2019) 9:283–291
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carried out at 140 °Cwith 0.5 and 1.5% sulfuric acid solutions.
Based on the results, the yield of hemicellulose sugars
dependeds on the reaction time (see the red lines in Fig. 4a).
For 1.5% sulfuric acid, the highest yield (69%) was obtained
in 1 h, and it decreased to 57%when reaction time increased to
2 h. This indicated that monomeric sugars were already
degrading in those conditions after 1 h. With a 0.5% acid
solution, the yield increased for 1.5 h (71% yield) and then
started to decrease slightly. Total glucose yields increased also
with the reaction time; the 1.5% sulfuric acid solutions pro-
duced more glucose (9–13%) than the 0.5% solutions (6–9%),
corresponding with 1–2 h reaction times (Fig. 3). The results
achieved with sulfuric acid are in accordance with literature.
E.g., Ji et al. [21] produced xylose 0.185 g/g of wheat straw
with 0.5% sulfuric acid, at 140 °C with 1.5-h reaction time. In
our case, the yield of hemicellulose sugars was 0.207 g/g.

At 120 °C, reactions were carried out with 0.5, 1.5, and
2.5% sulfuric acid solutions (see the orange lines in Fig. 4a).
With 0.5% sulfuric acid, the yield of hemicellulose sugars
increased from 37 to 57% when the reaction time increased
from 1 to 2 h. Total glucose yields increased as well, but they
were low — only 2–4% (Fig. 3). The 1.5 and 2.5% acid
solutions produced quite similar hemicellulose sugar yields,
61–67% and 66–71%, respectively, in 1–2 h. Since the yields
did not increase notably, also a shorter reaction time, 1 or
1.5 h, would be feasible, whenmore concentrated sulfuric acid
solutions (1.5 and 2.5%) are used. In addition, the total glu-
cose yields were slightly higher (4–6%) than with 0.5% acid,
as assumed, and these yields increased with reaction time
(Fig. 3). Hemicellulose sugar yields in 1 h with 2.5 and
1.5% sulfuric acid correspond with masses of 0.193 and
0.178 g/g of sawdust, respectively. Therefore, results are com-
parable to diluted sulfuric acid hydrolysis of wheat straw, in
which obtained xylose yield was 0.18 g/g, when 2% sulfuric
acid was used at 120 °C with a reaction time of 1 h [21].

3.2.2 Formic acid

The effect of formic acid as a reaction medium was studied
and compared with the sulfuric acid. The studied concentra-
tions of formic acid were higher (15, 30, and 40%) than those
of the sulfuric acid to produce equal pH to simplify the com-
parison of the acids (Table 1). However, the used concentra-
tions were considerably lower than those reported in literature
for experiments performed at temperatures below 150 °C [11,
13, 33]. At 140 °C with the 15 and 30% formic acid solutions,
the hemicellulose sugar yields were lower, and the glucose
yields higher than with the sulfuric acid (see the red lines in
Figs. 4a, b, and 3, respectively). The reaction time did not
seem to have much effect on the yields. With the 30% formic
acid solution, the hemicellulose sugar yields increased only
slightly, from 50 to 55%, and the total glucose yields from 10
to 14%, when the reaction time increased from 1 to 2 h. With

the 15% acid solution, similar increase in yields was observed;
however, the hemicellulose sugar yield was somewhat higher
(61%), and the total glucose yield slightly lower (13%) after
2 h than with 30% acid. The hemicellulose sugar yields
achieved in this study with formic acid were clearly better than
the xylose yield reported in the literature (41%), in which
14.52 wt% formic acid was used as an extraction medium
for silver birch sawdust at 140 °C with a 2-h reaction time
[34].

At a temperature of 120 °C, only the most concentrated
formic acid solution (40%) was studied with the reaction times
of 1–2 h. Based on the results, a longer reaction time clearly
increased the yield, and the best hemicellulose sugar yield
(66%) was achievedwith a reaction time of 2 h (see the orange
line in Fig. 4b). Some preliminary experiments were also done
with 30% formic acid, but since the yields were only 57–58%
in 2 h, no additional experiments with it or with 15% formic
acid were performed. The result with the 40% formic acid was
comparable with the results of the 1.5% sulfuric acid at the
same temperature and differed from highest hemicellulose
sugar yield (71%, with 2.5% sulfuric acid) by 5 percentage
units. The total glucose yields with the 40% formic acid were
3–5%, increasing with reaction time. In addition, the glucose
yields were lower than with the sulfuric acid solutions (Fig. 3).
Forty percent formic acid was the most concentrated formic
acid used in this study, but also notably higher concentrations
have been reported in literature [11, 19].

3.2.3 Mixture of formic acid and sulfuric acid

Finally, the use of acid mixtures was studied. The idea was to
explore whether the amount of formic acid could be reduced
by adding a small constant amount of sulfuric acid to the
reaction mixture. The studied acid mixtures contained 0.5%
sulfuric acid and 5.5, 10, or 15% formic acid. Again, the
reactions carried out at 100 °C were not very efficient. At
other reaction conditions, the hemicellulose was hydrolyzed,
producing hemicellulose sugar yields between 37 and 64%,
depending on the acid strength, temperature (120 or 140 °C),
and reaction time (1–2 h). At 140 °C, both the 5.5% formic
acid + 0.5% sulfuric acid and the 10% formic acid + 0.5%
sulfuric acid mixtures produced good hemicellulose sugar
yields within 1.5 h: 64 and 62%, respectively (see the red lines
in Fig. 4c). However, total glucose yields were high at that
point (12 and 11%, respectively) with both acid mixtures
(Fig. 3).

At 120 °C with a 2-h reaction time, all acid mixtures (0.5%
sulfuric acid + 5.5/10/15% formic acid) produced very similar
hemicellulose sugar yields (62, 62, and 64% respectively; see
the orange lines in Fig. 4c) when compared to each other and
to the yields achieved at 140 °C. The results were also com-
parable to those obtained with 1.5% sulfuric acid or 40%
formic acid alone (67 and 65%, respectively). In addition,

Biomass Conv. Bioref. (2019) 9:283–291 289



the total glucose yields remained low when reaction tempera-
ture was decreased to 120 °C; the highest (7%) glucose yield
was achieved after 2 h of heating when the acid mixture was
the most diluted. However, the yield did not increase above
the hemicellulose maximum value (Fig. 3). Based on the re-
sults, all acid mixtures were able to produce good hemicellu-
lose sugar yields at 120 °C with reaction time of 2 h, while
cellulose was not hydrolyzing. Especially, the mixture of 0.5%
sulfuric acid and 5.5% formic acid seemed feasible alternative
to singe acids, since amounts of sulfuric acid and formic acid
in the mixture were only 1/3 and 1/8 of the amounts of the
single acids, respectively. Also, all mixtures contained consid-
erably less sulfuric and formic acid than what is used in liter-
ature at similar temperatures, and therefore acid mixtures were
seen as good alternatives to single acid solutions [13, 14,
35–38].

3.3 Amount of degradation products

C5 and C6 sugars can be converted into valuable products,
such as furfural and HMF, respectively. In this study, the pres-
ence of these two compounds was not preferred since it indi-
cated that the formed sugars had reacted further. Hence, the
amount of HMF and furfural was analyzed by HPLC to con-
firm high sugar yield. In all experiments, the concentrations of
HMF and furfural were < 0.5 g/L and < 1 g/L, respectively.
The corresponding HMF yield was < 2% (mol% of total glu-
cose), and the furfural yield was < 8% (mol% of pentose
sugars). These amounts were considerably lower than the
hemicellulose sugar yields. In addition to HMF and furfural,
some acetic acid and formic acid were observed in the HPLC
analysis. Acetic acid and formic acid are the side products of
hemicellulose degradation.

3.4 Composition of unhydrolyzed solid residue

In addition to sugar hydrolysates, also the solid residues were
characterized from two hydrolysis reactions: 1.5% sulfuric
acid, 120 °C, 2 h (USR1) and 10% formic acid + 0.5% sulfuric
acid mixture, 120 °C, 2 h (USR2). According to the charac-
terizations, the ash and extractive contents of both unhydro-
lyzed solid residues (USRs) were zero. The lignin content for
USR1 was 45 and for USR2, 40 wt% (corresponding to 29
and 27 wt% of lignin based on dry mass of sawdust, respec-
tively). The amount of holocellulose was calculated to be 55
and 60 wt%, respectively. Finally, the determination of mono-
meric carbohydrates from USR1 and USR2 gave 49 and
51 wt% for glucose and only 5 and 7 wt% for nonglucosic
hemicellulose sugars, respectively. Since the original lignin,
cellulose, and hemicellulose content of the sawdust was 26,
44, and 26 wt%, respectively, the USR analysis revealed that
the lignin and cellulose percentages increased and the hemi-
cellulose percentage decreased significantly during to the

hemicellulose hydrolysis. The hemicellulose hydrolysis was
thus effective and selective. Comparison between USRs
showed that sulfuric acid hydrolysis was slightly more effi-
cient to degrade hemicellulose than acid mixture, but the dif-
ference was very small. Overall, both residues would be fea-
sible feedstocks to further delignification or cellulose
hydrolysis.

4 Conclusions

In this work, hemicellulose from pine sawdust was selectively
hydrolyzed into monomeric sugars using moderate reaction
temperature and time as well as low acid concentrations.
Temperature revealed to be the main distinguishing feature
between cellulose and hemicellulose hydrolysis .
Temperatures of 120 and 140 °C were both suitable to produce
good yields of hemicellulose sugars, but at 140 °C, also cellu-
lose hydrolyzed along with hemicellulose. At 120 °C acid mix-
tures (0.5% sulfuric acid + 5.5/10/15% formic acid), produced
hemicellulose sugar yields 62, 62, and 64%, respectively in
2 h. Results were comparable to the yields from 1.5% sulfu-
ric acid or 40% formic acid hydrolysis, which produced 67
and 66% of hemicellulose sugars in 2 h, respectively.
Therefore, with acid mixtures, the amounts of single acids
in the reaction solution could be reduced significantly. The
remaining solid residue from acid mixture hydrolysis
consisted of 40% lignin, 51% glucose, and only 7% hemi-
cellulose sugars verifying selective hemicellulose degrada-
tion. Obtained solid fraction was further separated into its
lignin and cellulose constituents, hence enabling the complete
utilization of pine sawdust.

Funding information Open access funding provided by University of
Oulu including Oulu University Hospital. The authors would like to ac-
knowledge the financial support from the ERDF project PreBio (decision
no. EURA 2014/162/09 02 01 01/2014/PPL), Ruohonjuuri Oy, and foun-
dations of Tauno Tönning, Fortum, as well as Maj and Tor Nessling.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

1. Ylitalo E (2017) Forest industries’ wood consumption 2016.
Natural Resources Institute Finland. https://stat.luke.fi/en/forest-

290 Biomass Conv. Bioref. (2019) 9:283–291

https://stat.luke.fi/en/forest-industries-wood-consumption-2016_en


industries-wood-consumption-2016_en. Accessed 29 November
2018

2. Agbor VB, Cicek N, Sparling R, Berlin A, Levin DB (2011)
Biomass pretreatment: fundamentals toward application.
Biotechnol Adv 29:675–685

3. Kobayashi H, Fukuoka A (2013) Synthesis and utilisation of sugar
compounds derived from lignocellulosic biomass. Green Chem 15:
1740–1763

4. Ralph J (1999) Lignin structure: recent developments. Proceedings
- 6th Brazilian Symposium on the Chemistry of Lignins and other
Wood Components

5. Loow Y, Wu TY, Jahim JM, Mohammad AW, Teoh WH (2016)
Typical conversion of lignocellulosic biomass into reducing sugars
using dilute acid hydrolysis and alkaline pretreatment. Cellulose 23:
1491–1520

6. Alvarez-Vasco C, Guo M, Zhang X (2015) Dilute acid pretreatment
of Douglas fir forest residues: pretreatment yield, hemicellulose deg-
radation, and enzymatic hydrolysability. Bioenergy Res 8:42–52

7. Canettieri EV, Rocha GJM, Carvalho JA Jr, Silva JBA (2007)
Evaluation of the kinetics of xylose formation from dilute sulfuric
acid hydrolysis of forest residues of Eucalyptus grandis. Ind Eng
Chem Res 46:1938–1944

8. Lee JW, Jeffries TW (2011) Efficiencies of acid catalysts in the
hydrolysis of lignocellulosic biomass over a range of combined
severity factors. Bioresour Technol 102:5884–5890

9. Barisik G, Isci A, Kutlu Kantar N, Bağder Elmacı S, Akay B (2016)
Optimization of organic acid pretreatment of wheat straw.
Biotechnol Prog 32:1487–1493

10. Zhang M, Qi W, Liu R, Su R, Wu S, He Z (2010) Fractionating
lignocellulose by formic acid: characterization of major compo-
nents. Biomass Bioenergy 34:525–532

11. Dapía S, Santos V, Parajó JC (2002) Study of formic acid as an
agent for biomass fractionation. Biomass Bioenergy 22:213–221

12. Li MF, Sun SN, Xu F, Sun RC (2012) Formic acid based
organosolv pulping of bamboo (Phyllostachys acuta): comparative
characterization of the dissolved lignins with milled wood lignin.
Chem Eng J 179:80–89

13. Sindhu R, Binod P, Satyanagalakshmi K, Janu KU, Sajna KV,
Kurien N, Sukumaran RK, Pandley A (2010) Formic acid as a
potential pretreatment agent for the conversion of sugarcane ba-
gasse to bioethanol. Appl Biochem Biotechnol 162:2313–2323

14. VanderghemC, BrostauxY, Jacquet N, Blecker C, PaquotM (2012)
Optimization of formic/acetic acid delignification of
Miscanthus×giganteus for enzymatic hydrolysis using response
surface methodology. Ind Crop Prod 35:280–286

15. Xu J, Thomsen MH, Thomsen AB (2009) Pretreatment on corn
stover with low concentration of formic acid. J Microbiol
Biotechnol 19:845–850

16. Marzialetti T,Miller SJ, Jones CW,Agrawal PK (2011) Switchgrass
pretreatment and hydrolysis using low concentrations of formic
acid. J Chem Technol Biotechnol 86:706–713

17. Salapa I, Katsimpouras C, Topakas E, Sidiras D (2017) Organosolv
pretreatment of wheat straw for efficient ethanol production using
various solvents. Biomass Bioenergy 100:10–16

18. Xu J, Fu Y, Tian G, Li Q, Liu N, Qin M, Wang Z (2018) Mild and
efficient extraction of hardwood hemicellulose using recyclable
formic acid/water binary solvent. Bioresour Technol 254:353–356

19. Lehto J, Louhelainen J, Huttunen M, Alén R (2017) Spectroscopic
analysis of hot-water- and dilute-acid-extracted hardwood and soft-
wood chips. Spectrochim Acta A Mol Biomol Spectrosc 184:184–
190

20. Bravo C, Carcés D, Faba L, Sastre H, Ordóñez S (2017) Selective
arabinose extraction from Pinus sp. sawdust by two-step soft acid
hydrolysis. Ind Crop Prod 104:229–236

21. Ji X, Ma H, Tian Z, Lyu G, Fang G, Chen J, Saeed HAM (2017)
Production of xylose from diluted sulfuric acid hydrolysis of wheat
straw. BioResources 12:7084–7095

22. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D
(2008) Determination of ash in biomass. Laboratory Analytical
Procedure (LAP). NREL, Golden

23. TAPPI T 280 pm-99 (1999) Acetone extractives of wood and pulp,
test method T280 pm-99. TAPPI press, Atlanta

24. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D,
Crocker D (2011) Determination of structural carbohydrates and
lignin in biomass, laboratory analytical procedure, technical report
NREL, TP-510-42619

25. Ehrman T (1996) Determination of acid-soluble lignin in biomass,
laboratory analytical procedure-004, NREL

26. Rowell RM, Pettersen R, Han JS, Rowell JS, TshabalalaMA (2005)
Cell Wall chemistry. In: Rowell RM (ed) Handbook of wood chem-
istry and wood composites. CRC Press, Boca Raton, pp 35–74

27. Styarini D, Risanto L, Sudiyani Y, Aristiawan Y (2012)
Comparison of two analytical methods for compositional analysis
of lignocellulosic biomass for bioethanol production. Internat J
Environment and Bioenergy 3:88–97

28. TAPPI T 230 cm-99 (2009) Alpha-, beta- and gamma-cellulose in
pulp, test method T203 cm-09. Technical Association of the Pulp
and Paper Industry, Atlanta

29. Yokoyama T, Kadla JF, Chang HM (2002) Microanalytical method
for the characterization of fiber components and morphology of
woody plants. J Agric Food Chem 50:1040–1044

30. Hamelinck CN, Gv H, Faaij AP (2005) Ethanol from lignocellulos-
ic biomass: techno-economic performance in short-, middle- and
long-term. Biomass Bioenergy 28:384–410

31. Arslan Y, Takaç S, Eken-Saraçoğlu N (2012) Kinetic study of
hemicellulosic sugar production from hazelnut shells. Chem Eng
J 185-186:23–28

32. Hasegawa I, Khoo TH, Mae K (2013) Direct saccharification of
lignocellulosic biomass by hydrolysis with formic acid solution.
Green Process Synth 2:143–149

33. Dong L, Wu R, Zhao X, Liu D (2017) Phenomenological modeling
and evaluation of formic acid pretreatment of wheat straw with an
extended combined severity factor for biomass fractionation and
enzymatic saccharification to produce bioethanol. J Taiwan Inst
Chem Eng 81:140–149

34. Goldmann WM, Ahola J, Mikola M, Tanskanen J (2017) Formic
acid aided hot water extraction of hemicellulose from European sil-
ver birch (Betula pendula) sawdust. Bioresour Technol 232:176–182

35. Fehér A, Fehér C, Rozbach M, Barta Z (2017) Combined ap-
proaches to xylose production from corn Stover by dilute acid hy-
drolysis. Chem Biochem Eng Q 31:77–87

36. Hong E, Kim J, Rhie S, Ha S, Kim J, Ryu Y (2016) Optimization of
dilute sulfuric acid pretreatment of corn stover for enhanced xylose
recovery and xylitol production. Biotechnol Bioprocess Eng 21:
612–619

37. Rafiqul ISM, Sakinah AMM, Karim MR (2014) Production of
xylose from Meranti wood sawdust by dilute acid hydrolysis.
Appl Biochem Biotechnol 174:542–555

38. Temiz E, Akpinar O (2017) The effect of severity factor on the
release of xylose and phenolics from rice husk and rice straw.
Waste Biomass Valores 8:505–516

Biomass Conv. Bioref. (2019) 9:283–291 291

https://stat.luke.fi/en/forest-industries-wood-consumption-2016_en

	Selective hemicellulose hydrolysis of Scots pine sawdust
	Abstract
	Introduction
	Experimental
	Materials
	Methods
	Chemical characterization of pine sawdust and unhydrolyzed solid residue
	Hemicellulose hydrolysis procedure
	HPLC analysis

	Equations

	Results and discussion
	Effect of temperature
	Effect of acid and reaction time
	Sulfuric acid
	Formic acid
	Mixture of formic acid and sulfuric acid

	Amount of degradation products
	Composition of unhydrolyzed solid residue

	Conclusions
	References


