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The  aim  of this  work  was  to apply  an  alkaline–acid  sequence  for the  fractionation  of  slash  pine  sawdust,
to  obtain  a solid  lignocellulosic  material  (which  can  be subsequently  delignified  to  obtain  pure  cellulose),
and  separate  liquid  fractions  containing  extractives  and  hemicelluloses.  Processes  were  optimized  using
a central  composite  design  of  two variables  for  the  alkaline  extraction  stage  (NaOH  concentration  and
temperature),  and  another  of  three  variables  for the  acid treatment  (H2SO4 concentration,  time  and
temperature).  Yield  and  contents  of extractives,  lignin,  carbohydrates  and  degradation  products,  all  by
awdust
lkaline deresination
cid treatment
xtractives
emicelluloses

NREL  Standards  were  determined.  Maximum  removal  of  extractives  in  the  alkaline  stage  (90.7%)  was
reached  using  5% NaOH  (oven  dry  basis,  od)  at 90 ◦C  for 1  h,  and  maximum  hemicelluloses  extraction  in
the acid  stage  (57%)  was obtained  using  7.5 g/L H2SO4 at 150 ◦C for  30 min  The  alkaline–acid  sequence  has
shown  to  be  effective  for the  sequential  extraction  of  resin  and  hemicelluloses  from  slash  pine  sawdust,
making  possible  its  use  for the  production  of high  value  products.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The environmental care has become in a factor that adds value
o industrial production, making it more competitive by the use
f renewable resources and advanced technologies. Following the
oncept of oil refineries, the forest biorefinery consist of ligno-
ellulosic biomass processing (wood debris, sawdust, shavings) to
roduce energy, chemicals and biomaterials. Pine sawdust is one
f the main residues of the primary industrialization of wood in
he Northeast of Argentine (NEA Region). About 50% of industrially
rocessed wood is become in waste, generating 1.5 million of dry
on wood wastes per year, which are not properly exploited (Uasuf

nd Hilbert, 2012).

The chemical composition of Pinus elliottii grown in Misiones,
rgentina, depending on soil type and climate, involves about

∗ Corresponding author at: Programa de Celulosa y Papel – Instituto de Materi-
les de Misiones (CONICET-UNaM), Félix de Azara 1552, 3300 Posadas, Misiones,
rgentina. Tel.: +54 376 4422198; fax: +54 376 4422198.

E-mail addresses: rominastoffel@hotmail.com, romina.b.stoffel@gmail.com
R.B. Stoffel).

ttp://dx.doi.org/10.1016/j.indcrop.2014.06.047
926-6690/© 2014 Elsevier B.V. All rights reserved.
41–44% of cellulose, 28–31% of lignin, 27–33% of hemicelluloses,
and 2–4% of extractives in dichloromethane (Area et al., 1992). This
high resin content makes difficult the direct application of acid pro-
cesses because of pitch formation. Considering that resin content
in pine sawdust is usually higher than in solid wood, we seek to
find a technological alternative to make possible the extraction of
hemicelluloses, allowing the recovery of extractives, as well as the
integral utilization of these wastes.

Chemical fractionation involves the separation of biomass com-
ponents, so that each component can be industrialized. One
important obstacle to overcome is to find efficient and cost effective
methods of fractionation (FitzPatricka et al., 2010). Sawdust has the
additional advantage of not requiring milling pretreatment.

Pretreatments of resinous softwoods have been not extensively
researched mainly because this material presents high contents of
crystalline cellulose, lignin and extractives. However, it is a very
promising raw material due to its high content of hexoses and its
wide availability (Bengoechea et al., 2012).
The extractives in organic solvents of pines are composed of
resin acids (abietic and hydroabietic acids), fatty acids (oleic and
linoleic acids) and a neutral fraction, often called unsaponifiables
(phytosterols, fatty and wax alcohols, terpenes and hydrocarbons).

dx.doi.org/10.1016/j.indcrop.2014.06.047
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2014.06.047&domain=pdf
mailto:rominastoffel@hotmail.com
mailto:romina.b.stoffel@gmail.com
dx.doi.org/10.1016/j.indcrop.2014.06.047
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atty and resin acids can be extracted in mild alkaline conditions,
ince they are dissolved forming sodium soaps. The concentra-
ion of the pulping solution (black liquor) prior of the inorganic
ulping chemicals recovery allows the skimming of the insolu-
le soaps from the surface. Acidification of the skimmed soaps
ields tall oil resin and fatty acids. Fatty acids can be recovered
rom tall oil by vacuum distillation. These tall oils by-products
re a source of valuable chemicals which could improve the eco-
omic balance of the pulping industry (Demirbas, 2011). When

iquors are very dilute and cannot be concentrated, the extrac-
ives can be removed by other techniques such as flotation, with
emoval efficiency of 80–90% of flocculated extractives (Tanase
t al., 2010).

Fatty and resin acids are source of valuable chemicals as surfac-
ants, detergents, adhesives, plastics, glues, inks, soaps, medicines,
ealth promoting agents, and biodiesel (Hillis, 1962; Arshadi
t al., 2013). It could also make more attractive the production of
ioethanol from loblolly pine (Frederick et al., 2008). On the other
and, despite their small amount, they generate deposits and foam

n production processes, and provide toxicity to the mill effluents
Foran, 1992).

Extractives removal prior to Kraft pulping (Baptista et al., 2006)
ulfite pulping (Arrabajal and Cortijo, 1995) and bleaching (Sitholé
t al., 2010) has also been studied to improve pulp properties.

Once the resinous material has been removed, fractionation
ust focus on the macromolecular components present in plant

issues. Dilute acid treatment with sulfuric acid has the advantage
o be inexpensive, simple and effective to remove hemicelluloses,
roducing fewer amounts of degradation products than other pro-
esses (Wyman, 1994; Larsson et al., 1999; Frederick et al., 2008).
he oligomers and monosaccharides extracted from hemicelluloses
ave multiples uses, as chemicals products, bioethanol, biopoly-
ers and other applications (Hayes et al., 2006; Vallejos, 2012).

he residual porous structure consisting mainly of cellulose and
ignin can be subsequently delignified by an alkaline process to
btain cellulosic pulps, which can be used to produce bioethanol
r dissolving pulp. Lignin in spent liquor can be precipitated and
ransformed into high-value products such as vanillin and other
henolic components (Stoffel et al., 2012).

The most studied pretreatments for softwood are steam explo-
ion, which combines physical and chemical methods (Kim,
005; Nguyen et al., 1998; Söderström et al., 2003) and treat-
ent with dilute acid (Shuai et al., 2010; Marzialetti et al.,

008; Lim and Lee, 2013). However, no work applying alka-
ine deresination prior to the above mentioned treatments were
ound.

Despite the relevance of extractives components and their
ossible exploitation, no studies have been found about alkaline
eresination of pine sawdust as part of neither wood fractionation
or antecedents concerning the dilute acid fractionation of slash
ine.

The aim of this work was to study the fractionation of slash
ine sawdust by a sequential alkaline–acid process. The influence
f the main parameters of both processes (concentration, time and
emperature) and their optimization were established by Central
omposite Experimental Designs (CCD).

. Materials and methods

.1. Raw material
Slash pine sawdust was supplied by a local sawmill (Fore-
tal Eldorado, Misiones). The sawdust was air-dried, screened and
aintained in closed plastic bag. The fraction passing a 3 square
m2 screen was used for the treatments.
d Products 61 (2014) 160–168 161

2.2. Experimental design

Sawdust was  subjected to alkaline and acid fractionation to
sequentially extract the extractives and hemicelluloses. The exper-
iments were arranged according to a Central Composite Design
(Barker, 1985) in each case. The variables for the alkaline extraction
were NaOH charge and temperature, and for the acid treatment,
H2SO4 concentration, time and temperature.

The experimental designs for the alkaline and acid stages are
shown in Fig. 1a and b, respectively. Each axis corresponds to a
factor and each point on the cube represents an experimental com-
bination of conditions. CCD consists of 2k + 2k + m runs, where k is
the number of factors, 2k is the number of the factorial points at the
corners of the square or cube, 2k is the number of the axial points
on the axis of each design factor at a distance of ±  ̨ (  ̨ = 2k/4) from
the center of the square or cube and m is the number of the cen-
ter points at the center of the square or cube. In this study, three
replicas of the center point were performed to estimate the exper-
imental error. Accordingly, the total number of experiments was
4 + 4 + 3 = 11 for the alkaline stage and 8 + 6 + 3 = 17 for the acid one.
The experiments were performed randomly. Factors and levels of
each treatment with coded and uncoded variables are shown in
Fig. 1c.

The Desirability function is the most popular method for the
solution of multiresponse optimization problems. This approach to
simultaneously optimize multiple equations, translates the func-
tions to a common scale ([0,1]), and combines them using the
geometric mean and optimizing the overall metric.

Statistical analysis of results (ANOVA and optimization by the
desirability function) was  performed using Statgraphics Centurion
XV software at 95% significance (p < 0.05).

2.3. Alkaline deresination

All reactions were performed in 250 mL  glass vessels heated in a
hot water bath for one hour. Ten grams (dry basis) of pine sawdust
was used, with a liquid to dry wood ratio (v/w) of 10 in all tests.
The vessels were closed with a plastic film and placed in the bath
at the desired temperature. Sawdust and liquor were mixed man-
ually before closing the vessels. Stirring was  not necessary since
the liquid to dry wood ratio was high, and heating promoted the
movement of the solid in the liquid. After the reaction, the vessels
were cooled down with ice, and the liquor was separated from the
solid by filtration at reduced pressure.

In order to verify the representativeness of data obtained at lab-
oratory scale, a scaling-up trial was  performed, for which a point
near the optimum was chosen. The selected experience was repro-
duced in a 7 L reactor (M/K Systems, Inc., Maryland) with liquor
circulation, using 500 g of dry sawdust with 5 L of alkaline solu-
tion (liquor to wood ratio of 10, v/w). Once the reaction finished,
the spent liquor was separated from the solid by centrifugation to
approximately 40% of solids. Subsequently, the wood residue was
exhaustively washed with water, it was filtered and air dried to
measure the weight loss. A sample for chemical analysis was taken.

2.4. Dilute acid treatment

Acid stage with diluted sulfuric acid was  conducted in 200 mL
stainless steel reactors heated in a glycerin bath. The treatment was
applied on the alkaline-pre-extracted sawdust and on the origi-
nal sawdust, as control. The reactors were loaded with 15 g of dry
sawdust and 150 mL  of the acidic aqueous solution, at the con-

centration established by the experimental design (liquor to wood
ratio of 10, v/w). As in the case of the alkaline treatment, sawdust
and liquor were mixed manually before closing the vessels. Stirring
was not necessary since the liquid to dry wood ratio was  high, and

romina
Resaltar
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ig. 1. Central composite designs. (a) CCD of two factors with two levels for the alka
evels  of each treatment with code and uncoded variables.

eating promoted the movement of the solid in the liquid. Upon
he reaction was finished, the reactor was instantly ice-cooled.
his reaction system prevents ramps of heating and cooling since
hey are almost instantaneous. The solid was filtered with reduced
ressure to separate the spent liquor. Then the residual solid was
ashed with water. All liquid samples were sealed in a vial and

tored in a refrigerator until further characterization. Samples of
esidual solids were air dried to measure the weight loss.

The severity factor (log R0) of the treatment can be estimated
s a function of treatment time and temperature to describe the
mpact of the treatment severity on lignocellulosic components:

og(R0) = Log t × exp
[

T − Tref

R × Tef × (T/Ea)

]
(1)

here t is the residence time (min), T is the treatment temperature
◦C), Tref is the base temperature (100 ◦C), and Ea is the activation
nergy. If one approximates,

e ≈ R × Tef ×
(

T

Ea

)
(2)

For hot water extraction of woody biomass, Te values of 14.75 ◦C
s frequently used, based on the assumption that the reaction is
ydrolytic and the overall conversion is of first order (Liu, 2010).
hen the pretreatment is performed under acidic conditions, the

ffect of pH can be taken into consideration by the combined sever-
ty (CS), defined as:

ombined severity (CS) = Log(R0) − pH (3)
The pH can be calculated from the amount of sulfuric acid
olution added to the sample, corrected by its moisture content
Söderström et al., 2003).
tage. (b) CCD of three factors with two levels for the acid treatment. (c) Factors and

2.5. Characterization trials

2.5.1. Characterization of solids
The characterization of the raw material was accomplished

using the Laboratory Analytical Procedure (LAP), Technical Reports
of the National Renewable Energy Laboratory (NREL). The measures
included total solids, humidity, and extractable substances in water
and ethanol (NREL/TP 510-42619), structural carbohydrates (glu-
cans, mannans, galactans, xylans, arabinans and acetyl groups), and
acid insoluble and soluble lignin (NREL/TP 510-42618). The same
analyses were carried out on the resulting solids from all stages.

Cellulose content in the raw material was  determined by mea-
suring total glucose content in sawdust and discounting the glucose
from glucomannans. It was assumed that the mannose to glucose
ratio in the hemicelluloses of pine is 4.15 (Yoon et al., 2008). The
glucose from cellulose (named Mono-C) and hemicellulosic sugars
(named Mono-H) in the original sawdust were calculated using the
following equations:

Mono-C = glucose − mannose/4.15 (4)

Mono-H = arabinose + xylose + galactose + mannose + glucose

− mannose/4.15 (5)

Crystallinity of the original and treated residual solids was
determined by X-ray diffraction. The sawdust was milled and
the fraction passing 80 mesh was used for analysis. Spectra were
obtained using a Philips X Pert diffractometer. The diffraction pat-
terns were recorded using a copper X-ray source and data were
collected at 0.02◦ (2�) resolution, from 5◦ to 40◦ (2�). After recor-

ding the diffraction patterns, the intensity as a function of the
scattering angle 2� is processed using Microsoft Excel spreadsheet
tool. Crystallinity index (CrI) was  calculated from the height ratio
between the intensity of the crystalline peak (I0 0 2 − Iam) and total
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Table  1
Experimental conditions of the alkaline stage and chemical composition of the residual solids (original and alkaline extracted sawdust).

Trial Temperature (◦C) NaOH (% od) Composition of the solid material (% based on treated wood)

Gla Xya Gaa Ara Maa Aca Exa Liga Weight loss

Original sawdust 46.62 7.30 2.24 1.13 10.18 1.13 4.60 27.20

1 70 2.50 42.27 6.91 1.99 0.92 10.28 N.d. 0.72 28.73 5.34
2  90 2.50 43.18 6.52 1.92 0.96 10.26 N.d. 0.62 28.71 6.50
3  70 5.00 42.32 6.38 1.82 0.94 10.32 N.d. 0.57 28.58 6.81
4  90 5.00 43.77 6.70 1.74 0.86 10.09 N.d. 0.44 28.67 8.59
5  66 3.75 43.12 6.33 1.89 0.92 10.46 N.d. 0.95 28.72 6.21
6  94 3.75 43.04 6.47 1.60 0.68 10.61 N.d. 0.55 28.58 7.78
7  80 1.98 44.48 6.92 2.25 1.09 10.60 N.d. 0.87 29.10 7.06
8  80 5.52 43.92 6.76 1.76 0.93 10.32 N.d. 0.35 29.55 4.07
9  80 3.75 43.96 6.70 2.11 1.07 10.40 N.d. 0.45 29.80 7.14

10  80 3.75 44.35 6.81 2.10 1.03 10.41 N.d. 0.38 29.22 6.64
11  80 3.75 43.31 6.82 2.11 1.02 10.28 N.d. 0.44 29.13 6.25
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sample decreased with the increase of temperature and concentra-
tion, but the quadratic terms in the equation indicate the presence
of a minimum (Fig. 2). This means that there is a limit in the alkaline
extraction, i.e. there is a remaining amount of extractives in wood
.d, Not detected.
a Ex, extractives; Lig, lignin.

ntensity (I0 0 2). The peaks I0 0 2 and Iam correspond to 2� = 22.6◦ and
8.0◦, respectively.

rI =
(

I0 0 2 − Iam

I0  0 2

)
× 100 (6)

.5.2. Characterization of liquids
The liquid samples were characterized by the determi-

ation of sugars (glucose, xylose, mannose, galactose and
rabinose) and degradation products (acetic acid, furfural and 5-
ydroxymethylfurfural) contents.

The quantification of organic acids and degradation products
as carried out by HPLC liquid chromatography (Waters HPLC

ystem), using an Aminex-HPX87H column (BIO-RAD) with the
ollowing chromatographic conditions: 4 mM of H2SO4 as eluent,
.6 mL/min, 35 ◦C, and diode array detector.

Liquor samples from the acid stage were neutralized with
a(OH)2 following the methodology used by Kaar et al. (1991).
arbohydrates were determined by HPLC, using a SHODEX SP810
olumn, under following conditions: water as eluent, 0.6 mL/min,
5 ◦C, and refractive index detector.

The HPLC analysis was performed both before and after hydrol-
sis of the extracts with 3% H2SO4 at 121 ◦C for one hour in an
utoclave.

The extraction yields (Ye) of wood components were defined by
q. (7).

e = mdissolved

minitial
× 100 (7)

here mdissolved represents the amount of the component dissolved
n each reaction condition and minitial is the original amount of the
ame component in pine sawdust, both expressed as percentage of
nitial dry wood.

. Results and discussion

.1. Raw material

Slash pine sawdust presented the chemical composition of a typ-

cal softwood (Table 1), with high content of insoluble lignin and
exoses. Mono-C and Mono-H, according to Eqs. (4) and (5), were
9.1% and 26.1% based on dry wood, respectively. The glucose from
he galactoglucomannan was approximately 2.7% on dry wood.
3.2. Alkaline fractionation

Sawdust was subjected to an alkaline stage in order to remove
the resin and fatty acids. The extraction conditions and the compo-
sition of the extracted sawdust (as percentage of initial dry wood)
according to the points set by the experimental design are pre-
sented in Table 1.

The treated sawdust was completely deacetylated in these con-
ditions. Chen et al. (2012) have reported that the deacetylation
improves glucose and xylose yields during dilute acid pretreat-
ment and enzymatic hydrolysis. It also reduces the toxicity of the
hydrolyzate, improving ethanol yields in the fermentation.

Weight loss of the solid increased both with increasing alkali
charge and temperature. Variations in lignin and carbohydrates
were minimal in all cases, but the applied treatments produced
significant differences in the extractives content. The empirical
model derived from the application of the experimental design that
explains the residual extractives content in the material is:

Extractives = 0.39 − 0.09 × T − 0.13 × C + 0.13 × T2

+ 0.07 × C2 R2 = 85%

Both the temperature and the NaOH charge (p-value < 0.05)
influenced deresination. According to the coefficients of this equa-
tion, alkali concentration is the most influential factor in the
removal of extractives. The amount of residual extractives in the
Fig. 2. Response surface for extractives removal (temperature and NaOH concen-
tration are as codified variable).
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Table 2
Experimental conditions and yields of dilute acid treatment.

Trial Temp. (◦C) Time (min) H2SO4 (g/L) CSa Yield (% od based on initial wood)

Original sawdust Alkaline
pre-extracted
sawdust

1 120 30 2.50 0.78 94.90 87.80
2  150 30 2.50 1.25 91.10 84.00
3  120 60 2.50 1.08 92.30 84.00
4  150 60 2.50 1.55 85.20 81.80
5  120 30 7.50 1.66 79.90 80.20
6  150 30 7.50 2.14 74.90 73.30
7  120 60 7.50 1.96 76.20 76.20
8  150 60 7.50 2.44 70.70 69.90
9  110 45 5.00 0.96 94.20 86.10

10  160 45 5.00 2.43 70.20 70.00
11  135 20 5.00 1.34 90.30 83.40
12  135 70 5.00 1.89 81.90 71.40
13  135 45 0.80 0.90 90.50 87.60
14  135 45 9.20 1.96 78.00 76.90
15  135 45 5.00 1.70 80.00 79.00
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16  135 45 5.00 

17  135 45 5.00 

a CS, combined severity.

hat cannot be removed with alkali, being probably the fraction of
nsaponifiables.

The conditions corresponding to trial 4 (90 ◦C and 5% NaOH,
d) were selected to perform the scaling-up in a 7 L reactor. At
his scale, the yield was 92%, and the removal of extractives and
ignin were 90.7% and 3.3% respectively. Glucans and mannans were
asily removed, but their extraction was low with respect to the
riginal values of sawdust (12% in both cases). Galactoglucoman-
ans were easily dissolved in mild alkaline conditions unlike what
appened with arabinoglucuroxilanos that are more stable (Schild
t al., 2010; Sjostrom, 1977). The amount of hemicellulosic sugars
xtracted in this stage was 22.6% on basis of original sawdust, prob-
bly in the form of hydroxy acids in spent liquors (Sjostrom, 1977).
he obtained results at this scale were similar to those obtained
n lab-scale experiments, showing the prediction capacity of those
xperiences. Despite a high yield of extractives removal has been

btained, this stage is susceptible to optimization. Further experi-
nces should include low liquor to dry wood ratios to facilitate the
ecovery of extractives, with simultaneous reduction of water and
nergy.

able 3
hemical composition of spent liquors from the acid stage applied to alkaline extracted s

Total sugars (g/L) 

Trial CSa Glb Xyb Gab Arb

1 0.78 0.03 0.91 0.22 0.98 

2  1.25 1.09 3.31 1.42 1.46 

3  1.08 0.23 1.52 0.53 1.17 

4  1.55 1.55 4.69 1.90 1.42 

5  1.66 0.34 2.42 0.89 1.39 

6  2.14 2.12 4.88 2.32 1.34 

7  1.96 0.71 2.95 1.44 1.43 

8  2.44 3.22 4.21 1.61 1.39 

9  0.96 0.14 1.67 0.49 1.29 

10  2.43 2.84 4.46 1.63 1.20 

11  1.34 0.52 2.58 1.38 1.38 

12  1.89 1.15 3.90 1.97 1.38 

13  0.90 0.05 0.95 0.18 0.68 

14  1.96 1.37 3.94 1.97 1.41 

15  1.70 1.05 3.54 1.94 1.50 

16  1.70 0.92 3.29 1.72 1.52 

17  1.70 0.99 3.49 1.69 1.50 

a CS, combined severity.
b Gl, glucose; Xy, xylose; Ga, galactose; Ar, arabinose; Ma,  mannose.
c Hexoses = Gl + Ga + Ma.
d Pentoses = Xy + Ar.
1.70 80.50 79.90
1.70 80.90 79.20

3.3. Dilute acid fractionation

The resulting solid material from the alkaline deresination
(90 ◦C, 5% NaOH, od) was subjected to an acid stage in order to find
the conditions that optimize the removal of hemicelluloses. Com-
bined severity parameters and yields of this stage, corresponding to
each condition of the experimental design for the original sawdust
alkaline and the treated sawdust, are presented in Table 2.

Alkali pre-extracted sawdust was more easily impregnated by
the dilute acid solution than the original material. It has been
shown that deacetylation and glucomannan loss in pine are asso-
ciated with an increased capillarity of the wood (Montagna et al.,
2012).

Arabinoglucuroxylans and galactoglucomannans were dis-
solved in the reaction medium as oligomers and monosaccharides.
Due to the high temperatures and the acid conditions of the treat-

ment, some released sugars were degraded, generating furfural
(degradation of pentoses) and 5-hydroxymethylfurfural or HMF
(degradation of hexoses). Total sugars and degradation products
contents in spent liquor are shown in Table 3.

awdust (g/L).

Degradation products (g/L) Total (g/L)

Mab HMF  Furfural Hexosesc Pentosesd

0.14 0.01 N.d. 0.39 1.90
2.09 0.02 N.d. 4.60 4.77
0.24 0.02 N.d. 0.99 2.69
4.16 0.02 0.07 7.61 6.11
0.66 0.02 N.d. 1.88 3.81
5.52 0.06 0.13 9.96 6.23
1.56 0.02 N.d. 3.71 4.38
4.94 0.32 0.47 9.78 5.60
0.10 0.01 N.d. 0.73 2.96
5.84 0.28 0.39 10.32 5.66
0.81 0.02 N.d. 2.71 3.96
3.42 0.01 0.04 6.55 5.28
0.21 0.02 N.d. 0.44 1.63
3.56 0.01 0.04 6.90 5.36
2.71 0.00 0.02 5.71 5.03
2.29 0.02 0.02 4.93 4.81
2.60 0.02 0.01 5.28 4.99
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Fig. 3. Oligomers removed (as % of total sugars remove

The amount of hemicellulosic sugars in the spent liquor was
igh, whereas that of glucose was low. These results can be
ttributed to the high reactivity of hemicelluloses (amorphous
nd more accessible) as compared with cellulose (crystalline and
acked in a microfibrillar array). Sugars degradation was  low and

ncreased at higher CS.
The presence of soluble oligosaccharides after hydrolysis was

onfirmed by applying a secondary acid hydrolysis to the spent
iquor. The percentages of hemicellulosic sugars extracted from the
lkali pre-extracted sawdust as oligomers (pentosans and hexosans
s % of total sugar extracted) are exposed in Fig. 3.
Arabinans are extracted principally as sugars in all trials. In
eneral, with milder conditions of temperature, time and sulfu-
ic acid concentration, glucose, xylose, mannose and galactose are
xtracted mainly as oligomers. This differs from what happened

Fig. 4. Total carbohydrates extracted during the acid treatment of
the acid stage applied to alkali pre-extracted sawdust.

in autohydrolysis, where glucomannans are obtained primarily as
oligomers, even in the most severe conditions (Yoon et al., 2008).

Total carbohydrates (hexoses and pentoses) content in spent
liquors for each sample, as percentages, are shown in Fig. 4. The
obtained yields in all conditions were higher for original sawdust
(control) than for alkaline pre-extracted sawdust.

The highest yields of Mono-H (hexoses and pentoses) were 74%
for the original sawdust and 57% for the alkaline pre-extracted saw-
dust, both treated in the same conditions (150 ◦C, 30 min, 7.5 g/L
H2SO4). This difference can be attributed to the fact that the more
labile components have already been extracted in alkaline stage.
The obtained yields of glucose and hemicellulosic sugars were
similar to those obtained by others authors using different CS
(Table 4). Marzialetti et al. (2008) have obtained the same yield with
a lower CS. Increasing CS produce an increase in sugar degradation.

 the original sawdust and the alkali pre-extracted sawdust.
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Lim and Lee (2013) reported the complete extraction of mannans
and xylans with a CS of 2.5.

Yields obtained during the acid-catalyzed treatment were con-
siderably higher than those reported by Yoon et al. (2008) using
autohydrolysis (11.9% of total hemicelluloses extracted with water
at 180 ◦C for 15 min).

Temperature (T), acid concentration (C) and time (t) produced
significant effects on the extraction of sugars in the acid process (p-
value < 0.05). Regression equations (obtained with coded variables)
representing the influence of these factors on sugars extraction in
the acid treatment of the alkali pre-extracted sawdust were:

Glucose = 0.82 + 0.75 × T + 0.21 × t + 0.38 × C + 0.21 × T2

+ 0.11 × T × t + 0.22 × T × C + 0.09 × t × C R2 = 99

Xylose = 3.04 + 0.94 × T + 0.27 × t + 0.61 × C − 0.21 × T × C

− 0.24 × t × C − 0.25 × C2 R2 = 93

Galactose = 1.60 + 0.41 × T + 0.35 × C − 0.22 × T2 − 0.21 × C2

R2 = 74

Mannose = 2.01 + 1.60 × T + 0.46 × t + 0.78 × C + 0.23 × T2

R2 = 95

All the equations showed significant adjustments at 95% confi-
dence (p-value < 0.05). Lack of fit of the models for arabinose, HMF
and furfural was significant because their amounts were too small
in relation to the experimental error.

According to the coefficients of the model, temperature was the
most influential factor, followed by acid concentration, and time.
Janga et al. (2012) have found similar results working with con-
centrated acid. In all cases, high levels of these factors resulted in
greatest extraction. Mannose and glucose were affected by a slight
positive quadratic effect of temperature, indicating that the extrac-
tion is accelerated at high values of this factor. The positive effects
on glucose extraction of the interactions: temperature–time, and
temperature–concentration, indicate that the influence of the other
factors become more important at high temperature. This can be
attributed to the dissolution of the less crystalline cellulose under
severe conditions. In the case of xylose concentration, the negative
quadratic effect represents a maximum followed by a subsequent
decrease due to degradation thereof. This behavior of glucose and
xylose at high severity agrees with the findings of others authors
(Marzialetti et al., 2008; Jensen et al., 2010).

The desirability function was  used to maximize the extraction of
mannose, xylose, and galactose, while minimizing glucose removal.
The resulting optimum conditions were 7.5 g/L H2SO4 at 150 ◦C for
30 min, with a maximum desirability of 0.73 and 57% of hemicel-
luloses extraction, mainly as sugars (Fig. 5). There is a maximum
in the extraction of sugars from hemicelluloses that reflects that
degradation of carbohydrates is very high at the most severe con-
ditions. This agrees with the work of Marzialetti et al. (2008), who
found that hemicelluloses yield dropped dramatically by increasing
the hydrolysis temperature (150 ◦C vs. 200 ◦C).

3.4. Fibrous material
Chemical composition and crystallinity of sawdust before and
after the treatment in the optimum operation conditions are shown
in Table 5.
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Table  5
Extraction yields and composition of the original sawdust, the alkaline pre-extracted sawdust (90 ◦C, 5% NaOH, 60 min), the alkaline pre-extracted/acid treated sawdust
(90 ◦C, 5% od NaOH, 60 min/150 ◦C, 7.5 g/L H2SO4, 30 min) and the acid treated sawdust (150 ◦C, 7.5 g/L H2SO4, 30 min).

% od based on
initial wood

Original
sawdust

Alkaline
pre-extracted
sawdust

Yea (%) Alkaline
pre-extracted/
acid sawdust

Ye (%) Acid treated
sawdust

Ye (%)

Glucans 46.6 41.2 11.7 38.3 6.9 39.1 16.2
Xylans 7.3 6.4 12.9 1.9 69.5 2.1 71.8
Galactans 2.2 1.7 23.2 N.d. 100 N.d. 100
Arabinans 1.1 1.0 15.9 N.d. 100 N.d. 100
Mannans 10.2 9.0 11.7 4.1 54.8 2.0 80.6
Acetyl groups 1.1 N.d. 100.0 N.d. – N.d. 100
Lignin 27.2 26.3 3.3 26.8 −1.7 29.4 −8.0
Extractives 4.6 0.4 90.7 0.4 0.0 2.8 38.5
Total  100.4 85.9 71.5 75.3

CrIb 61.0 66.9 70.0 69.7

N

g
w
b

t
l
(
d
a
y
a

O
p
i
p
s
a
2
p
p
e
a
t
c

w
i
c

F
i
c

.d., not detected.
a Ye, extraction yield.
b CrI,  crystallinity index.

At the end of the alkaline stage, the material was free of acetyl
roups and showed low resin content. As part of the carbohydrates
as degraded, remaining as acids in the spent liquors, they cannot

e exploited as sugars.
Mannose removal was greater in the sawdust treated with acid

han in that treated with the alkaline–acid sequence. The lignocel-
ulosic material obtained after both stages had high hexoses content
glucose and mannose), with a great potential for bioethanol pro-
uction. Nevertheless, its high lignin content makes necessary the
pplication of a subsequent delignification stage to improve the
ield of both the enzymatic hydrolysis and fermentation, allowing
lso the lignin exploitation.

No significant delignification took place during the acid stage.
n the contrary, an increase in lignin content was  observed. This
henomenon has previously been reported by several authors, and

s believed to be consequence of the formation of a material called
seudolignin. This aromatic material is produced by the conden-
ation of degradation products from polysaccharides and increases
s the conditions become more severe (Sannigrahi et al., 2008a,
011b). The presence of pseudolignin is negative for the enzymatic
rocesses (Hu et al., 2012). This study revealed high formation of
seudolignin, as determined by the technique used by (Sannigrahi
t al., 2011). It was greater for the acid treated sawdust than for the
lkaline–acid treated sawdust, which is an advantage for this last
reatment. Acid treatments can also increase the degree of lignin
ondensation (Pu et al., 2013; Sannigrahi and Ragauskas, 2008).

Crystallinity increased with all treatments, but the main change

as produced by the acid stage. An increase in the crystallinity

ndex of cellulose, due to the preferential degradation of the less
rystalline regions during acid treatments, has been reported by

ig. 5. Surface response and contour lines plot of the desirability function for max-
mization of sugars extracted from hemicelluloses (temperature, time and H2SO4

oncentration are as codified variable).
other authors (Pu et al., 2013; Sannigrahi and Ragauskas, 2008).
This could mean that the extracted glucans not only come from
hemicelluloses but also from part of the cellulose.

4. Conclusions

The alkaline–acid sequence has shown to be effective for extrac-
tives and hemicelluloses removal from slash pine sawdust. Using
this sequence, a lignocellulosic material with low hemicelluloses
content and two  liquid fractions, one containing the saponified
extractives and the other rich in sugars were obtained. The highest
removal of extractives (90.7%) was  reached with the alkaline treat-
ment at 90 ◦C for 60 min  and 5% NaOH (oven dry basis, od). The acid
stage produced a maximum of carbohydrates extraction because
of sugars degradation under severe conditions. Utmost removal of
hemicelluloses (57%), mainly as sugars, was attained with 7.5 g/L
H2SO4 at 150 ◦C for 30 min

These results provide useful information that can be used to
develop technologies that allow integrated use of pine sawdust, by
the recovery of valuable products for several uses.
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