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Organic matenial dissolved during
oxygen-alkali pulping of hot water-
extracted birch sawdust

JONI LEHTO anp RAIMO ALEN

ABSTRACT: Untreated and hot water-treated birch (Betula pendula) sawdust were cooked by the oxygen-alkali
method under the same cooking conditions (temperature = 170°C, liquor-to-wood ratio = 5 L/kg, and 19% sodium
hydroxide charge on the ovendry sawdust). The pretreatment of feedstock clearly facilitated delignification. After a
cooking time of 90 min, the kappa numbers were 47.6 for the untreated birch and 10.3 for the hot water-treated birch.
Additionally, the amounts of hydroxy acids in black liquors based on the pretreated sawdust were higher (19.5-22.5
g/L) than those in the untreated sawdust black liquors (14.8-15.5 g/L). In contrast, in the former case, the amounts of
acetic acid were lower in the pretreated sawdust (13.3-14.8 g/L vs. 16.9-19.1 g/L) because the partial hydrolysis of the
acetyl groups in xylan already took place during the hot water extraction of feedstock. The sulfur-free fractions in the
pretreatment hydrolysates (mainly carbohydrates and acetic acid) and in black liquors (mainly lignin and aliphatic
carboxylic acids) were considered as attractive novel byproducts of chemical pulping

Application: Enhanced use of feedstocks, with the simultaneous increases in profitability and decreases in
greenhouse gas emissions, can result from a better understanding of the behavior of wood constituents, especially
hemicelluloses in potential integrated forest biorefinery concepts, and particularly autohydrolysis before sulfur-free

pulping.

Extraction of wood chips with hot water (autohydroly-
sis) before alkaline pulping, mainly for producing car-
bohydrate-rich hydrolysates and dissolving or paper grade
pulps, is one of the most investigated integrated forest
biorefinery (IFBR) concepts [1-4]. Removed carbohydrates
can be further converted into a wide spectrum of value-
added chemicals and fuels, such as organic acids and alco-
hols, or they can be used to make biodegradable films and
hydrogels [5-19]. The main reasons for combining such
straightforward pretreatment processes conducted under
varying conditions with the existing pulp mill operations
are for more effective use of feedstock constituents with
a simultaneous increase in the total profitability of forest
industry operations [20-23].

Pretreatments carried out with hot water are of special
interest for several reasons [24-27]. When compared with
similar acidic processes with aqueous dilute mineral acids,
for example, autohydrolysis is an environmentally friendly,
noncorrosive, and inexpensive process. During pretreat-
ment, hydronium ions formed from water autoionization
cause hydrolysis of acetyl groups in wood hemicelluloses,
resulting in simultaneous liberation of acetic acid [28-33].
Hydrolysate pH decreases through the formation of acetic
and other organic acids (such as formic and uronic acids),
which gradually leads to partial solubilization of hemicellu-
loses and their hydrolyzed fragments, as well as lignin and

extractives. However, it is also obvious that the pretreatment
stage can be put in practice at varying pH values and con-
ducted in various ways. Figure 1 presents possible [IFBR
concepts, including the pretreatment, delignification, and
bleaching stages.

Oxygen-alkali delignification has traditionally been used to
remove residual lignin from kraft brownstock before bleach-
ing [34-36]. Oxygen under alkaline conditions is an efficient
oxidizing agent for organic substances because of the forma-
tion of various reactive oxygen intermediates, such as hydro-
peroxyl and hydroxyl radicals, hydrogen peroxide, and hydro-
peroxide anions [37-40]. Complicated oxidation reactions
primarily include several radical chain reactions between the
oxygen-derived compounds and organic material compounds
originating from lignin, carbohydrates, and extractives.

Oxygen-alkali delignification of the hot water-treated feed-
stock would be one attractive possibility when the aim is pulp
together with the formation of sulfur-free degradation by-
products present in black liquor. In addition to pulp produc-
tion, this approach could include, for example, the recovery
and purification of sulfur-free product fractions derived from
lignin and hemicelluloses (i.e., phenolics and aliphatic car-
boxylic acids). However, it is a nonselective process, and a
significant degradation of feedstock polysaccharides takes
place during lignin removal [35,40]. The direct peeling reac-
tions of polysaccharides and the random cleavage of polysac-
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1. Schematic representation of alternative integrated forest biorefinery concepts, including pretreatment, delignification, and

bleaching stages.

charide chains and the subsequent peeling reactions are the
main reactions responsible for carbohydrate-based mass loss-
es. These also lead to a decrease in pulp viscosity and pulp
strength properties. Alkaline degradation of polysaccharides
eventually results in the formation of a wide range of water-
soluble products, such as “volatile” acids (i.e., acetic and for-
mic acids), various “nonvolatile” hydroxy monocarboxylic
and dicarboxylic acids, hemicellulose residues, and methanol.

The main aim of this study was to obtain a better under-
standing of the effect of hot water extraction (HWE) on the
subsequent oxygen-alkali pulping of hardwood-based feed-
stock. This approach entailed various cooking experiments
conducted with reference (i.e., without autohydrolysis before
pulping) and hot water-treated birch sawdust. In these ex-
periments, sawdust was selected as the feedstock material to
especially enhance the pretreatment stage through an effec-
tive mass transfer. The black liquors were principally analyzed
in terms of various aliphatic carboxylic acids and lignin.

EXPERIMENTAL
Analyses of feedstock materials
Untreated (reference) and hot water-extracted sawdust sam-
ples of silver birch (Betula pendula) were provided by the
Finnish Forest Research Institute (Metla). During autohydroly-
sis, materials were extracted for ~38 min at 170°C, corre-
sponding to a P-factor [3,41] value of ~380. After each pretreat-
ment, the HWE sawdust was unloaded from the reactors and
air dried. The yield after hot water extraction was 71.9% of the
ovendry (0.d.) raw material. For the chemical analyses (i.e.,
content of carbohydrates, lignin, and extractives), the refer-
ence and extracted sawdust samples were stored as such in a
freezer, and their moisture contents were determined. In all
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wet chemistry analyses, the results were an average of two
parallel determinations and calculated as percentage of dry
sample.

The extractives content of sawdust was determined by ex-
tracting the sample with acetone for 4 h in a Soxhlet appara-
tus. The extract obtained was dried before weighing by vac-
uum evaporation with a VV2000 rotary evaporator (Heidolph;
Schwabach, Germany) and was finally accomplished by
means of a gentle nitrogen gas stream.

The lignin content of the extractives-free sawdust sample
(about 200 mg) was determined as the sum of “acid-insoluble
Klason lignin” and “acid-soluble lignin” (TAPPI Standard Test
Methods T 222 om-98 “Acid-insoluble lignin in wood pulp”
and T 249 cm-00 “Carbohydrate composition of extractive-
free wood and wood pulp by gas-liquid chromatography”).
In this determination, the method used was that sawdust was
first treated with sulfuric acid, and the lignin precipitated was
filtered off, washed, dried, and weighed. The content of acid-
soluble lignin was determined using a Beckman DU 640 UV/
Vis-spectrophotometer (Beckman Coulter; Brea, CA, USA) at
205 nm after dilution of one portion of the hydrolysate with
the corresponding aqueous solution of H,SO, (0.5%) until the
absorbance (4) was in the range 0.3 to 0.8. The concentration
of dissolved lignin (C, g/L) was calculated according to Eq. (1):

A
axb
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c =

where a is absorptivity (110 L/(gcm) [42]) and b is light path
(cm).

The content of different monosaccharides (i.e., arabinose,
galactose, glucose, mannose, and xylose) in the Klason



hydrolysates was gathered by using a HP 5890 Series II Plus gas
chromatography system (Hewlett-Packard; Wilmington, DE,
USA) equipped with an Agilent DB-1701 column (60 m x 0.32
mm inner diameter, film thickness 0.25 um) (Agilent
Technologies; Santa Clara, CA, USA) and a gas chromatography-
flame ionization detector (GC-FID) operated at 300°C. The
column temperature program was 2 min at 100°C, 2°C/min to
185°C (27 min), 39°C/min to 280°C, and 15 min at 280°C. For
GC-FID, aliquor sample of 10 mL was neutralized with Amberlite
IRAGS anion exchange resin (Alfa Aesar; Ward Hill, MA, USA)
until the pH value of the hydrolysate was about 4. The resin was
filtered off; 1 mL of an aqueous (i.e., ultra-high quality [UHQ]
water) mixture of an internal standard (xylitol from Fluka, 0.25
mg/mL) (Sigma-Aldrich; St. Louis, MO, USA) was added to the
filtrate, and the sample was evaporated to complete dryness
with a vacuum evaporator. Finally, the residue was
per(trimethylsilyDated by adding 1.25 mL pyridine and 0.75 mL
N,O-bis(trimethylsilyDtrifluoroacetamide (BSTFA) containing
1% trimethylchlorosilane (TMCS), and the mixture was shaken
for approximately 60 min at room temperature. Samples were
filtrated to sample vials and analyzed by GC. The peak
identification and the mass-based response factors between the
internal standard and each monosaccharide were based on
separate runs with model monosaccharides, all from Fluka.

Cooking experiments
Laboratory-scale oxygen-alkali cooking experiments of the sawdust
samples were conducted ina 1.25 Lrotating stainless steel autoclave
heated in an oil bath. During the pulping experiments, the liquor-
to-wood ratio was 5 L/kg and alkali (sodium hydroxide) charge 19%
on the o.d. sawdust. Oxygen was bubbled through the cooking li-
quor for 5 min before charging sawdust into the reactors, which
were then closed, and finally oxygen was introduced through the
reactor lid to ensure an oxygen atmosphere. The maximum cook
ing temperature was 170°C. Cooking times were 30, 60, 90, 120,
and 150 min. At the end of each cooking experiment, the autoclave
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was removed from the oil bath and cooled rapidly in cold tap water.
The black liquor was then separated from the pulp by pressing and
stored in storage bottles.

Analysis of pulps

The pulp obtained was thoroughly washed with water, and
the amount of removed organic material (“yield”) was calcu-
lated on the basis of 0.d. initial and pretreated feedstock. Pulp
samples were screened with a 0.1-mm laboratory screening
device, and the amount of reject was determined. Kappa num-
bers were determined according to the respective standard
method (SCAN-CI:59 “Kappa number of pulp”). Structural
images of the screened pulp samples were determined with
a Zeiss EVO-50 scanning electron microscope (SEM) (Carl
Zeiss AG; Oberkochen, Germany).

Analysis of black liquors
The amount of residual lignin in the birch pulps was calcu-
lated based on kappa number [43,44] using Eq. (2):
Lignin (%) = kappa number  0.15 2)
The amount of lignin dissolved during the cooks was calcu-
lated based on the difference of lignin contents of the original
feedstock and the cooked pulp.

Acetic and formic acids were determined by the previously
described method [45] using a Dionex chromatography system
(Thermo Fisher Scientific; Sunnyvale, CA, USA) equipped with
an AS50 autosampler, a LC25 chromatography oven, an EG40
eluent (potassium hydroxide/UHQ water) generator, and an
IC 25 jon chromatograph. The system was equipped with an
IonPac ATC-1 anion trap column, and the separation column
was an IonPac AS 11-HC analytical column combined with an
AG11-HC guard column (Dionex). Samples were injected via a
25 uLloop and were eluted (potassium hydroxide/UHQ water)
at a flow rate of 1.0 mL/min. Data were stored and processed

Component Reference Hot Water-Extracted
Monosaccharides* 67.5 72.7
Arabinose 0.4 0.1
Galactose 1.0 0.6
Glucose 43.4 60.8
Mannose 1.4 1.0
Xylose 21.3 10.2
Lignin 22.1 20.7
Acid soluble 4.5 2.5
Acid precipitated 17.6 18.2
Extractives 2.9 2.8
Others 7.5 3.8

* Monosaccharide moieties are presented as their anhydro forms.

I. Chemical composition of feedstock birch materials (% of the dry matter).
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Cooking Pulp Yield* Reject, % Kappa Number

Time, min Ref HW HW** Ref HW Ref HW
30 59.5 59.7 42.9 70.2 29.9 68.9 24.4
60 56.8 54.7 39.3 68.9 11.5 52.7 13.9
90 55.4 52.4 37.9 64.6 3.8 47.6 10.3
120 54.1 52.3 37.6 57.9 1.7 38.0 8.3
150 51.2 50.0 36.0 47.2 ND*** 31.3 7.7

* % of the dry material charged into the reactor

*** ND = not detected

** Total cooking yield (% of the original o.d. feedstock material before pretreatment)

Il. Cooking data (Ref = cooks without pretreatment; HW = cooks after hot water treatment).

2. Scanning electron microscope images of pulp samples cooked for 30 min (top) and for 150 min (bottom). Reference samples (i.e.,
from cooks without pretreatment) are presented on the left, and samples from cooks with pretreated sawdust are on the right.

using a Dionex Chromeleon (6.50) data system. The identifica-
tion of the chromatographic peaks was based on the model
substances, sodium acetate and sodium formiate.

Hydroxy monocarboxylic and dicarboxylic acids were
determined using an Agilent 6850 Series gas chromatograph
equipped with an HP-5 column (30 m x 0.32 mm inner diam-
eter with 0.25 um film thickness) and FID operating at 300°C
with a hydrogen and air flow of 40.0 mL/min and 450.0 mL/
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min, respectively [46,47]. The column temperature program
was 5 min at 60°C, 2°C/min to 200°C, 70°C/min to 290°C,
and 15 min at 290°C. For GC-FID, a liquor sample of 1 mL and
an internal standard (xylitol) of 1 mL UHQ water solution
(concentration 0.1 mg/L) were mixed and passed through a
column filled with weakly acidic cation exchange resin
(about 10 mL, Amberlite IRC-50, 16-50 mesh, ammonium-
form, from Fluka). The column was washed with UHQ water



Content, g/L

Cooking time and feedstock (minutes/ Reference or HWE)

3. Content of aliphatic carboxylic acids and lignin in black
liguors from different cooks (g/L). Ref = reference cooks without
pretreatment and HWE = cooks after hot water extraction.

to obtain a sample volume of 30-40 mL. This aqueous sample
was then evaporated to dryness under reduced pressure at
about 35°C. Finally, the residue was per(trimethylsilyDated
by adding 1 mL pyridine and 0.5 mL BSTFA containing 1%
TMCS, and the mixture was shaken for approximately 60 min
at room temperature. The identification of the individual acid
derivatives was made using the same GC system, which was
equipped with a mass selective detector (GC-MSD). The in-
terpretation of the mass spectra was based on data from pre-
vious studies and performed with an HP ChemStation
(A06.03) chromatography data system. For the quantitative
calculations, the mass-based response factors between xylitol
(1.00) and the peaks derived from the acids studied were
based on the data given elsewhere [47].

RESULTS AND DISCUSSION

Feedstocks and cooking experiments
HWE had a distinct effect on the chemical composition of
feedstock materials used for cooking (Table I). The most
important reactions and phenomena responsible for the loss
in feedstock mass during HWE included the hydrolysis of
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acetyl groups in xylan and the dissolution of degraded and

l‘-\H/YIdfolxy acéds nondegraded hemicellulose fragments, as well as a removal
olatile acids P . :
so-| |l Lignin (~33% decrease) of lignin and extractives. For this reason, a

particularly clear decrease (~38%) in the relative content of
xylose (i.e., the main monosaccharide moiety in xylan) could
be detected. In contrast, the relative content of glucose (i.e.,
the monosaccharide moiety of cellulose and glucomannan)
clearly increased because cellulose was not significantly
affected by HWE.

Data on the oxygen-alkali cooking experiments also
typically revealed the effect of HWE on cooking performance
(Table II). The results indicated that compared to the
reference cooks without pretreatment, the delignification
with the pretreated sawdust was more effective, although the
cook yields were at a somewhat lower level: 51.2% (150 min)
to 59.5% (30 min) vs. 50.0% (150 min) to 59.7% (30 min),
respectively.

The SEM-images of the screened pulp samples (Fig. 2)
also revealed the effect of HWE on pulping. The pulp samples
from the untreated reference sawdust were not properly fib-
rillated, whereas the pretreated sawdust was readily fibrillat-
ed, even at the shortest cooking time. Pretreatment generally
rendered feedstock more accessible to cooking chemicals.
Another probable reason for the enhanced delignification of
the pretreated material was the cleavage of major lignin-hemi-
cellulose bonds during HWE. Although not studied in this
connection, the detailed optimization of the cook with the
pretreated sawdust seemed to lead, compared to the reference
cook, to significant economical savings when aiming at the
same target kappa number.

Black liquor composition
Figure 3 shows the content of aliphatic carboxylic acids and
lignin in the black liquors from different feedstocks under
various delignification conditions. Table III shows the mass
ratios between some selected individual components and
component groups in the black liquors. In general, higher
amounts of dissolved lignin could be observed in the pretreat-
ed sawdust black liquors (37.0-40.3 g/L) than in the corre-
sponding reference black liquors (31.9-39.4 g/L). For this rea-
son, these results confirmed a more efficient removal of lignin

Formic otal Monocarboxylic Dicarboxylic
Cooking Time, min Lignin Acetic Acid . Volatile . Y oxy
Acid . Acids Acids
Acids
30 1.16 0.72 1.33 0.88 1.36 0.75
60 1.1 0.58 1.17 0.74 1.41 0.73
90 1.10 0.61 1.22 0.79 1.29 0.65
120 1.06 0.64 1.17 0.80 1.36 0.67
150 1.02 0.63 1.13 0.78 1.35 0.64
* Mass ratio = content of compound or compound group in black liquor from cook with pretreated sawdust/content of com-
pound or compound group in black liquor from cook with untreated sawdust.

1. Examples of mass ratios* between some compounds and compound groups in various black liquors.
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4. Content of volatile acids in black liquors from different cooks
(g/L). Ref = reference cooks without pretreatment and HWE =
cooks after hot water extraction.
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5. Content of monocarboxylic and dicarboxylic acids in black
liguors from different cooks (g/L). Ref = reference cooks without
pretreatment and HWE = cooks after hot water extraction.

from the pretreated sawdust than from the initial feedstock.

Conversely, with respect to volatile acids (acetic and
formic acids), clearly lower amounts of these acids could be
determined in the black liquors of the pretreated sawdust
(13.3-14.8 g/L) than in the corresponding reference black
liquors (16.9-19.1 g/L) (Fig. 4). This finding could be
explained by the deacetylation of xylan already during the
HWE. Another explanation is that formic acid was formed
rather evenly, like hydroxy acids, during the alkaline cook
[35] (Table IID).

In addition to the formation of volatile acids, the HWE of
sawdust also had a profound effect on the formation of various
hydroxy acids (Fig. 5). In this case, the total amounts of hy-
droxy acids were higher in the black liquors of the pretreated
sawdust (19.5-22.5 g/L) than those in corresponding reference
black liquors (14.8-17.5 g/L) (Table III). This trend could be ex-
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6. Content of (a) low-molecular-mass (low-MM) acids
(glycolic and lactic acids), (b) xyloeisosaccharinic acids, and
(c) glucoisosaccharinic acids in black liquors from different
cooks (g/L). Ref = reference cooks without pretreatment and
HWE = cooks after hot water extraction.

plained by the lower formation acetic acid in the former cases,
thus releasing more alkali for various peeling reactions and
leading to the enhanced formation of hydroxy acids and formic
acid in the latter case. The increase in the amounts of total hy-
droxy acids was caused by the increasing content of monocar-



boxylic hydroxy acids. Their contents were 30%-40% higher
in the black liquors of the pretreated sawdust compared to
those found in the corresponding reference black liquors. In
contrast, the contents of dicarboxylic hydroxy acids were 25%-
35% lower in the former case than in the latter case.

Finally, the formation of the main individual hydroxy acids
was studied during the oxygen-alkali delignification of the
untreated and pretreated sawdust. In this case, the acids were
divided into low-molecular-mass (low-MM) hydroxy acids (i.e.,
glycolic and lactic acids), xyloisosaccharinic acid, and glu-
coisosaccharinic acids (i.e., a- and B-glucoisosaccharinic
acids). The formation of isosaccharinic acids was accelerated
in the cooks with pretreated sawdust (Fig. 6).

CONCLUSIONS

Pretreatment of birch sawdust with hot water (the total
amount of removed material about 30%) before the subse-
quent oxygen-alkali pulping seemed to clearly facilitate delig-
nification, leading to well-Afibrillated pulp (produced under
“optimal conditions”) with a low amount of pulp reject. The
formation of acetic acid was significantly lower in the cooks
with pretreated sawdust compared to the cooks with untreat-
ed sawdust, because the acetyl groups in xylan were already
partly hydrolyzed in the hot water pretreatment of feedstock.
More hydroxy acids (especially monocarboxylic hydroxy
acids) were formed during the cooks with the pretreated saw-
dust compared to the cooks with the untreated sawdust.
Under the same cooking conditions as in the former case,
more alkali was available for various peeling reactions (.e.,
through less of a need for neutralizing acetic acid). TJ
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biorefinery options, showing promising potential for
the production of value-added chemicals and for
integration with existing pulping processes.
Understanding the effects of hot water extraction on
the subsequent pulping operations is of practical
importance to avoid disturbing the pulping process.
Oxygen-alkali pulping was chosen as the pulping
method because it enables production of sulfur-free
lignin and other organics from the feedstock.
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able concerning the hot water extractions combined
with sulfur-free cooking operations for producing not
only pulp, but also sulfur-free byproduct streams,
such as lignin and aliphatic carboxylic acids. When
aiming toward full-scale integrated forest biorefiner-
ies (IFBRs), all possible side processes have to be
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Because of the complex chemical composition of
black liquor, its analysis is a very challenging task.
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a significant part of the black liquor components
formed during oxygen-alkali cooking could be
identified.

The effect of hot water pretreatment on the com-
position of black liquors and pulping efficiency was
very clear. It is widely accepted that the formation of
organic acids (volatile and nonvolatile) has a signifi-
cant role in the performance of alkaline cooking. For
example, a major part of the charged alkali is con-
sumed in various neutralization reactions of these
acids. Hot water treatment conducted before alkaline
cooking also has a great effect on the chemical com-
position and cooking behavior of wood feedstocks,
especially through partial removal of hemicelluloses,
acetyl groups, and lignin. All these changes caused by
the applied pretreatment clearly influence the subse-
quent pulping operations and the formation of various
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potential product fractions, such
as sulfur-free lignin and hydroxy
acids.

The data can be used when
clarifying the recovery possibili-
ties of novel byproducts.
Chemical pulp mills are typical ex-
amples of chemical/thermochemi-
cal biorefineries that use different
technological innovations to
fractionate and convert woody
biomass into a wide range of
products. A modern IFBR ap-
proach could include the opportu-
nity to produce the main product
(pulp fiber), plus value-added
green chemicals, such as fuel
grade ethanol, cellulose, hemicel-
luloses together with their deriva-
tives, and low-volume-high value
lignin/extractives-based fine
chemicals, thus resulting in an
enhanced use of feedstocks with
the simultaneous increase in prof-
itability and decrease in greenhouse gas emissions.

Fractionation and purification of various sulfur-free
organic components from black liquors are of special
interest for future studies because of the many poten-
tial applications in which these components can be
used. In addition, the effect of hot water pretreatment
on the burning behavior of black liquor in a recovery
furnace is an interesting topic to clarify the overall
material and energy balances of the modern pulp mill.
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