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Abstract

Olive tree pruning biomass is one of the main agricultural
residues available in Mediterranean countries and is currently
lacking commercial applications. To take advantage of its
sugar content, a pretreatment is necessary to enhance enzyme
accessibility of the cellulose fraction of the residue. This
paper describes for the first time the use of organosolv pre-
treatment in this regard. The main process variables such as
pretreatment temperature, residence time, and solvent com-
position (aqueous ethanol) are studied. Results show that
organosolv pretreatment causes delignification and hydroly-
sis of hemicelluloses and improves the enzymatic digestibi-
lity of olive tree pruning biomass. A higher pretreatment
severity and ethanol content of the solvent were found to
increase delignification (up to 64% at 66% w/w aqueous
ethanol, 210°C, 60 min). By contrast, xylan hydrolysis was
promoted by a lower ethanol content (maximum 92%). The
highest enzymatic hydrolysis yield (90% of the structural
glucan present in the raw material) has been obtained after
pretreatment with 43% w/w aqueous ethanol at 210°C for
15 min. Organosolv pretreatment was found to be the most
effective pretreatment for enzymatic hydrolysis of olive tree
pruning biomass.

Keywords: enzymatic hydrolysis; fermentable sugars; olive
tree pruning biomass; organosolv pretreatment.

Introduction

Agricultural residues have been identified as one of the main
renewable resources for fermentable sugars for production of
ethanol and other chemicals. Especially in Mediterranean
countries, olive tree biomass obtained from pruning is a

major agricultural residue which is thus far lacking practical
economic use. It has been estimated that each hectare of
olive trees generates two to three tonnes of biomass per year,
which must be removed from the fields to prevent spreading
of vegetal diseases (Diaz et al. 2009). The standard practice
to date, direct burning on the fields, causes economic and
environmental concerns.

The production of bioethanol by means of a biochemical
process consisting of pretreatment, enzymatic hydrolysis, and
fermentation has been proposed. Pretreatment of olive tree
pruning biomass by hot water (Cara et al. 2007), dilute acid
hydrolysis (Cara et al. 2008a), and steam explosion (Cara et
al. 2006, 2008b) has been reported. Following pretreatment,
the cellulose fraction of the biomass is enzymatically hydro-
lysed to glucose. The different pretreatments studied thus far
have always left at least approximately 30% of structural
glucan in the biomass inaccessible to hydrolytic enzymes
(Cara et al. 2007, 2008a,b). Thus, the high potential for eth-
anol production from this low cost, renewable, and abundant
biomass residue is lowered.

It has been reported that the enzymatic digestibility of pre-
treated biomass can be improved by (partially) removing lig-
nin and hemicelluloses (Hendriks and Zeeman 2009; Kumar
et al. 2009). These polymers are linked to the cellulose and
hinder its accessibility by enzymes. The organosolv process
is a pretreatment that is capable of removing lignin from
biomass (Kleinert and Tayenthal 1931; Zhao et al. 2009). In
this procedure, biomass is heated in a mixture of water and
an organic solvent such as ethanol. As a result, the biomass
is partially delignified, hemicelluloses are hydrolysed, and
the enzymatic hydrolysis of the lignocellulosic residue is
enhanced (Kumar et al. 2009; Zhao et al. 2009). This pre-
treatment has been applied to various types of biomass
including poplar wood (Pan et al. 2006), pine wood (Pan et
al. 2005), willow wood (Huijgen et al. 2008), and straw
(Huijgen et al. 2010). Organosolv pulping has also been
applied previously on olive tree trimmings, but with the aim
to produce pulp for paper production (Jiménez et al. 2001).
Organosolv pretreatment is more expensive at present than
the leading pretreatment processes such as steam explosion
and (dilute) acid hydrolysis, but it can provide valuable
byproducts including pure lignin (Zhao et al. 2009; Mesa et
al. 2010).

In this study, organosolv pretreatment of olive tree pruning
biomass for the production of fermentable sugars is exam-
ined for the first time. The influence of pretreatment tem-
perature, residence time, and solvent composition (aqueous
ethanol) on fractionation and enzymatic hydrolysis of the
biomass was studied. Finally, results are compared to those
reported earlier for other pretreatments on the same
feedstock.
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Materials and methods

Olive tree pruning biomass

Olive tree pruning biomass (OTPB), composed of thin branches
(<5 cm diameter) and leaves, was chopped, air-dried, milled to a
particle size <10 mm, and stored until use. The same feedstock
batch was used in previous studies for other pretreatments (Cara et
al. 2007, 2008a,b). The average moisture content of the raw material
before organosolv pretreatment was 7.5%.

The composition of OTPB is: glucan, 22.5%; xylan, 9.8%; ara-
binan, 2.1%; galactan, 1.4%; mannan, 0.7%; acid insoluble lignin,
16.6%; acetyl groups, 2.5%; ash, 3.4%; and extractives, 31.4%
(average of five determinations, Cara et al. 2008a). Unless specified
otherwise, all % data in this paper are % w/w on dry basis. It is
worth noting that the extractives fraction includes 7.9% of non-
structural glucose, of which 40% is in monomeric form (Cara et al.
2008a). Unless specified otherwise, the total glucan content (i.e.,
29.6%) was the basis for yields evaluation.

Organosolv pretreatment

Organosolv pretreatment was performed in a stirred autoclave reac-
tor (0.5 1 Kiloclave, Biichi Glas Uster AG, Uster, Switzerland). The
experimental conditions are given in Table 1. Unless specified oth-
erwise, all concentration data of ethanol (EtOH) are given in % w/
w. A suspension of OTPB, water, and EtOH (5 ml solvent per 1 g
biomass as received) was heated to the reaction temperature, kept
at its set-point during the specified reaction time, and subsequently
cooled down to below 40°C. The heating time of the reactor was
between 44 min (exp. 1) and 50 min (exp. 10) (from 30°C to set-
point of reactor). The cooling time was between 32 min (exp. 1)
and 39 min (exp. 10) (from set-point of reactor to 40°C). For a
typical heating and cooling curve of the autoclave reactor, see Huij-
gen et al. (2010). After filtration of the resulting slurry, the solid
residue was washed, dried at 50°C in a vacuum oven, and weighed
to determine the solid recovery (‘pulp yield’). Washing was per-
formed at room temperature with a mixture of EtOH-water in sim-

ilar amount and with the same EtOH-water ratio as the solvent
applied for the organosolv process itself. From the filtrate (the ‘orga-
nosolv liquor’), samples were taken for determination of monomeric
sugars by HPAEC-PAD analysis (Dionex, ICS3000, Sunnyvale, CA,
USA) and other organics, including furfural, hydroxymethylfurfural
(HMF), and acetic acid by GC-MS analysis (Thermo Scientific,
TRACE GC Ultra DSQII, Waltham, MA, USA). In addition,
HPAEC-PAD analysis was performed after post-hydrolysis to deter-
mine oligomeric sugars by difference (post-hydrolysis conditions:
3% v/v sulphuric acid, 121°C, 30 min). The dissolved lignin in the
organosolv liquor was separated by precipitation upon dilution with
water (4°C, H,O:organosolv liquor =3:1 w/w). For more details, see
Huijgen et al. (2010).

Composition of pretreated material

The composition of the organosolv pretreated materials was deter-
mined by a two-step acid hydrolysis procedure (1. 72% H,SO, at
30°C for 60 min; 2. in 4% H,SO, autoclaved at 121°C for 1 h) in
triplicate according to the National Renewable Energy Laboratory
(1994-1998). The analysis was limited to xylan, glucan, and acid-
insoluble lignin (AIL) as representatives of hemicelluloses, cellu-
lose, and lignin, respectively. The monomeric sugars in the
hydrolysate were determined by HPLC in a Varian Prostar liquid
chromatograph, equipped with an RI detector. HPLC column: AMI-
NEX HPX-87P (Bio-Rad, Hercules, CA, USA). Conditions: 85°C,
ultrapure water as mobile phase (0.6 ml min™).

Enzymatic hydrolysis

Enzymatic hydrolysis was performed (in triplicate and mean results
are reported) with a commercial enzyme complex (Celluclast 1.5 1),
kindly provided by Novozymes. Loading: 15 Filter Paper Units
(FPU)/g substrate. Fungal B-glucosidase (Novozym 188, Novo-
zymes A/S, Kalundborg, Denmark) was added at 15 IU/g substrate
to avoid end-product inhibition. Other conditions: 0.05 M sodium
citrate buffer (pH 4.8) at 50°C in a rotary shaker at 150 rpm for
72 h and at 5% w/v pretreated material concentration. Sugar con-

Table 1 Solid recovery, composition of pretreated solid material, recovery components in pretreated solid, and ‘lignin’ precipitate yield as

a function of organosolv pretreatment conditions.

.. Yield of solid
Pretreatment conditions

Composition of
pretreated solid material

Recovery component in
pretreated solid

material after ‘Lignin’
Temp. Time EtOH pretreatment Glucan Xylan Lignin® Glucan Xylan Lignin precipitate
Exp. 0 (min) — (%)" (%)° (%) (%) (%) (%) (%) (%) (%)™
OTPB¢ 29.6 9.8 16.6
1 190 15 66 61.7 46.4 16.8 20.7 96.6 105.3 76.7 8.9
2 190 60 66 533 48.7 14.6 19.7 87.4 79.3 63.3 13.3
3 190 15 43 48.0 50.0 11.3 244 80.9 54.9 70.4 10.3
4 200 15 66 54.3 53.7 15.3 18.7 98.3 84.6 61.2 13.1
5 200 60 66 429 545 12.9 19.4 78.9 56.4 50.1 17.0
6 200 15 43 40.9 54.0 7.9 26.4 74.5 33.0 65.1 13.0
7 210 15 66 46.4 54.5 134 17.6 85.3 63.5 49.3 15.4
8 210 60 66 359 57.5 9.5 16.8 69.5 34.6 36.3 20.0
9 210 15 43 39.6 45.5 42 342 60.9 16.9 81.7 13.7
10 210 60 43 39.0 42.4 2.2 41.3 55.7 8.5 97.1 14.6

*Aqueous ethanol concentrations of 43% and 66% w/w correspond to 49% and 71% v/v, respectively.
*The reproducibility was estimated to be = ~0.5% based on experience with other feedstocks.

“Acid insoluble lignin.
9Based on dry raw material.
°OTPB, olive tree pruning biomass.
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centration was determined every 24 h by HPLC (see above). The
maximum glucose concentration obtained for untreated OTPB was
2.8 g I'! (after 72 h enzymatic hydrolysis, at identical enzyme dos-
age) (Cara et al. 2007).

Results and discussion

Yield and composition of organosolv pretreated
materials

The solid recovery of the OTPB after organosolv treatment
and its composition are presented in Table 1. The yield of
OTPB after pretreatment ranged from 62% to 36% and
decreased, as expected, with increasing pretreatment severity.
Severity is expressed as the combined effect of both tem-
perature and residence time (Heitz et al. 1994); for example,
exp. 2 (190°C for 60 min) and exp. 4 (200°C for 15 min)
gave similar results in terms of solid recovery. Even at the
mildest pretreatment conditions, almost 40% of the raw
material is dissolved, probably due to the high extractives
content of OTPB.

Organosolv pretreatment resulted in a glucan-enriched
material at all conditions (Table 1). This effect can be attrib-
uted to partial dissolution of the extractives, soluble ash frac-
tions, and other non-structural components, as well as partial
hydrolysis of the hemicelluloses and delignification.

The effect of the pretreatment temperature on solids com-
position can be discussed on the basis of exp. 1, 4, and 7,
performed at 190°C, 200°C, and 210°C, respectively
(15 min, 66% EtOH). A temperature increase resulted in a
higher glucan content of the pretreated material, whereas the
xylan and lignin contents decreased (Table 1). Similar effects
were observed at longer pretreatment times (60 min, 66%
EtOH) (exp. 2, 5, and 8). However, for the lower EtOH con-
centration series (43% EtOH, 15 min; exp. 3, 6, and 9), the
lignin content increased with temperature (xylan content
decreased as in other series).

The influence of pretreatment time can be illustrated by
comparison of exp. 1 and 2,4 and 5, or 7 and 8 (66% EtOH).
Longer pretreatment times led to higher glucan and lower
xylan and lignin contents. By contrast, exp. 9 and 10 show
that for 43% EtOH, the lignin content increased with time.

Finally, for all experiments performed with 43% EtOH,
the xylan content is lower than for the corresponding exper-
iments with 66% EtOH. In other words, lowering the EtOH
concentration results in a better hemicelluloses solubilisation,
as was also observed for other types of biomass (Huijgen et
al. 2008). At the same time, the lignin content of the pre-
treated material increased. Apparently, a lower EtOH con-
centration leads to lower delignification, which will be
discussed in more detail in the following section.

Fractionation efficiency

The yields of lignin, xylan, and glucan in the organosolv
pretreated material are given in Table 1. The fractionation
efficiencies (i.e., delignification, xylan hydrolysis, and glu-
can recovery) are presented in Figure 1 as a function of pre-
treatment conditions.

The delignification degree ranged from 3% to 64% of the
original lignin, depending on operational conditions. It seems
clear that the use of EtOH as a solvent leads to lignin solu-
bilisation, in contrast to results reported on other pretreat-
ment methods applied on OTPB. For example, steam
explosion pretreatment on OTPB led to apparently higher
‘lignin’ content (i.e., acid insoluble material) than present in
the original OTPB. This seems to be caused by condensation
reactions between extractives and carbohydrates (Cara et al.
2006). Similar results were obtained with hot water pretreat-
ment on OTPB biomass (Cara et al. 2007). From this point
of view, organosolv pretreatment is more effective.

Except for exp. 1 (190°C, 15 min), all experiments with
66% EtOH resulted in higher delignification than the exper-
iments with 43% EtOH (Figure la). In addition, delignifi-
cation improved with pretreatment severity when 66% EtOH
was used. With 43% EtOH, delignification slightly increases
by elevating the temperature from 190°C to 200°C (15 min).
However, a further temperature increment to 210°C (and
extension of pretreatment time from 15 to 60 min at 210°C)
is detrimental (Table 1). This effect is probably due to the
formation of condensation products between lignin and, for
example, carbohydrates (Cara et al. 2006) or furfural (Huij-
gen et al. 2010). It might well be that lignin is first extracted
during the organosolv process, reacts with carbohydrates
(derivatives), and subsequently reprecipitates on the pretreat-
ed material (e.g., during cooling of the reactor) (Xu et al.
2007).

—— (15 min, 66% wiw)  —# (60 min, 66% wiw)
—a— (15 min, 43% wiw) © (60 min, 43% wiw)
z 100 4 g
c 80
L
é 60
S 40 -
@ o]
a 20 4
0 T T
100 +

Xylan hydrolysis (%)
[ B - (23]
o o o
\\\o

Glucan recovery (%)
o o
S o

185 190 195 200 205 210 215

Temperature (°C)

Figure 1 Fractionation efficiency as function of organosolv
process conditions.
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The dissolved lignin extracted from the biomass was sep-
arated from the filtrate by precipitation upon dilution with
water. The amount of precipitate (Table 1) shows a similar
dependency on the process conditions as the delignification.
However, the amount of precipitate is typically twice as large
as the delignification degree as illustrated in Figure la.
Accordingly, the precipitated product contains only approx-
imately 50% lignin (the precipitate was not characterised).
Extractives from bark and wood, proteins from leaves and
thin twigs, and their humification products could explain this
observation. Typically, the purity of the lignin isolated by
organosolv processes from lignocellulosic biomass is high,
for example, a purity of 96.5% was reported for Alcell™
lignin (Gosselink et al. 2004). The precipitate obtained from
OTPB was very dark compared to organosolv lignins from
other types of wood. For exp. 9 and 10 (43% EtOH, 210°C),
an even higher ratio between ‘lignin’ precipitate and deli-
gnification based on AIL content pretreated material was
found supporting the hypothesis of formation of pseudo-
lignin at these conditions.

Concerning hydrolysis of (hemi)cellulose(s), it can be
deduced that at the mildest pretreatment conditions (exp. 1,
190°C for 15 min, 66% EtOH) xylan is practically unaltered,
whereas just 3% of glucan is hydrolysed (Table 1). It is prob-
able that this glucan has its origin in non-structural sugars.
Both xylan and glucan hydrolysis increased with pretreat-
ment severity and a decrease of the EtOH content (Figure
1b,c). At the most severe conditions with 43% EtOH (exp.
10), 44% total glucan (or 27% structural glucan) and 92%
xylan hydrolysis occurred. Previously, similar observations
were made: hot water pretreatment at 190°C for 10 min
resulted in 64% hemicellulose hydrolysis (Cara et al. 2007),
whereas only 49% hydrolysis was observed at 180°C.

Hydrolysate composition

Table 2 summarises the pH and composition of the organo-
solv liquors. The sugars were mainly present in oligomeric
form, similar to what has been reported for liquid fractions
derived from hydrothermal pretreatment of biomass (Capar-
rés et al. 2008; Ruiz et al. 2008). The largest amount of
oligomeric sugars was found in exp. 3, in which the lowest
EtOH proportion in the organosolv mixture and the mildest
pretreatment conditions were applied. Solubilisation of hem-
icelluloses is promoted by the presence of water, not only
because it is required for the hydrolysis reaction but also as
it is the carrier of protons (resulting mainly from acetic acid
formation) needed for acid hydrolysis. The pH of the orga-
nosolv liquor is lower for exp. 3 than for the other experi-
ments performed at 190°C with 66% EtOH (exp. 1 and 2),
although the concentration of acetic acid is not the highest.
Similar effects have been obtained for the experiments at
200°C and 210°C (exp. 6 and 9, Table 1). Clearly, the for-
mation of acetic acid catalyses the organosolv process more
strongly when a higher proportion of water is present. This
effect also explains the higher hydrolysis degree of hemi-
celluloses with 43% EtOH.

At 66% EtOH concentration, the total concentration of
sugars shows an increase with pretreatment severity at low

Table 2 Composition of organosolv liquors.

Composition (g kg liquor™)

Pretreatment conditions

Formic acid

Organic acids
Acetic acid

Levulinic acid

HM

Sugar derivatives
F

Furfural

Oligomeric sugars
Xylose

Glucose

Monomeric sugars
Xylose

Glucose

Time EtOH
(min) (%) pH
4.9

Temp.
4

Exp.

AUTHOR'S COPY | AUTORENEXEMPLAR

0.78

223
3.78
2.56
3.28
4.72
4.46
4.73
5.21
5.59
5.74

<DTL*
<DTL

0.21

0.20
0.48
0.60
0.33
0.94
1.42
0.80
0.88
1.76

0.99
1.53
6.21
1.66
1.35
3.71
0.53
0.96
1.02
0.09

1.54
2.35
8.45
1.83
3.37
7.64
1.02
3.45
4.09
0.97

0.02
0.06
0.20
0.05
0.06
0.46
0.08
0.04
0.24
0.02

0.94
0.21
0.13
0.29
0.13
0.65
0.21
0.12
0.68

0.11

66

15
60
15
15
60
15
15
60
15
60

190

1.26
1.12
1.05
1.55
1.45
1.48
1.83
2.00

0.30

4.8

66

190

<DTL

0.47
0.25
0.42
0.91
0.39
0.48
1.37
1.27

4.4
4.8

43

190
200
200
200
210
210
210
210

<DTL

66

<DTL

4.7

66

<DTL

4.2

43

<DTL

4.7

66

0.12
<DTL

4.6

66

4.1

43

1.65

0.17

1.32

4.2

43

10

2<DTL, below detection limit.
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severity level (exp. 4 vs. 1 and 5 vs. 2) due to increased
hemicellulose hydrolysis. However, the concentration of
oligomeric xylose starts to decrease in the case of exp. 5 and
this decrease is continued at 210°C. Apparently, the subse-
quent reaction of xylose into furfural becomes dominant over
the formation of xylose oligomers by hemicellulose hydrol-
ysis. The yields of sugar derivatives and the organic acids in
the organosolv liquor increased with pretreatment severity
and water proportion of the organosolv solvent. A detectable
concentration of levulinic acid was measured only at the
most severe pretreatment conditions.

Material balances based on Tables 1 and 2 show that hemi-
cellulose and cellulose fractions have been partly converted
into components for which the organosolv liquor was not
analysed. This unknown fraction increases with pretreatment
severity and is much larger for xylan than for glucan. Most
probably, this fraction includes the formation of ‘humins’
(insoluble sugar derivatives based polymers) and compo-
nents formed by reactions between sugars or sugar deriva-
tives and lignin fragments (Huijgen et al. 2010). In addition,
some sugar degradation might occur during the post-hydrol-
ysis before oligomeric sugar analysis, possibly causing a
slight underestimation of the oligomeric sugar concentrations.

Enzymatic digestibility of organosolv pretreated
OTPB

Enzymatic hydrolysis Figure 2a shows the concentration
of glucose obtained by enzymatic hydrolysis of fresh and
pretreated OTPB as a function of hydrolysis time. Organo-
solv pretreatment was found to substantially enhance enzy-
matic cellulose hydrolysis at all process conditions assessed
resulting in higher glucose concentrations (13-28 g I'' after
72 h) compared to fresh OTPB (3 g I'). Experiments 9 and
10 (most severe conditions and the lower EtOH concentra-
tion) produced pretreated OTPB most suitable for enzymatic
hydrolysis, with a glucose concentration of 28 and 27 g I’
at the end of the process, respectively (Figure 2a).

Most glucose is released in the first 24 h of enzymatic
conversion. For example, in exp. 1, corresponding to the
least severe conditions (190°C, 15 min), 88% of the glucose
obtained after 72 h is already released in the first 24 h period.
For the other experiments, these percentages are 72-92%.
This result is in accordance with that obtained when OTPB
was pretreated by other pretreatment methods, such as steam
explosion (Cara et al. 2006), with more than 75% of the
glucose released in the first 24 h. A similar behaviour has
been described for other substrates such as softwoods (Xiao
et al. 2004).

The enzyme complex also exhibited xylan hydrolysis
activity, which resulted in sugar solutions containing 1.4-5.4
g I'! xylose as a function of pretreatment conditions (Figure
2b) (or xylose yields varying from 10% to 44% based on the
xylan content of the raw material). Following a similar pat-
tern as described for glucose, most of the xylose was released
in the first 24 h of enzymatic hydrolysis. Enzymatic cellulose
hydrolysis can potentially be improved by supplementing the
enzyme mixture used with xylanase to further improve xylan
hydrolysis, thereby improving the access of enzymes to cel-

[—OTPB—m-1-0-2-4 344450 6—x7—8-0-9-—x10]

30 -

25

20 -

15

Glucose (g/)

10

Xylose (gfl)

Time (h)

Figure 2 Glucose (a) and xylose (b) concentrations as function of
enzymatic hydrolysis time. Mean values of triplicate experiments
(standard deviation for all individual data points <8%). OTPB,
olive tree pruning biomass. For numbering of samples see Table 1.

——(15 min, 66% w/w) —m—(60 min, 66% wiw)
—&—(15 min, 43% wiw) © (60 min, 43% wiw)

1007 2

Enzymatic hydrolysis
degree (%)
82 @
(=] =]

60

Y
o

degree (%)

[
o

Enzymatic hydrolysis

o

180 190 200 210 220
Temperature (°C)

Figure 3 Effect of pretreatment conditions on enzymatic hydrol-
ysis yields based on (a) total glucan content raw material (i.e., struc-
tural and extractable) and (b) structural glucan content raw material.
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Table 3 Optimum pretreatment conditions for enzymatic hydrolysis of OTPB.

Glucose
Pretreatment method Pretreatment conditions yield (%)* Reference
Hot water 200°C, 60 min 71.2 Cara et al. (2007)
Steam explosion 240°C, 10 min, water-impregnation 51.6 Cara et al. (2008b)
Dilute acid hydrolysis 210°C, 0.6% H,SO, 55.2 Cara et al. (2008a)
Organosolv 210°C, 15 min, 43% EtOH 89.6 This study

“Enzymatic hydrolysis yield based on structural glucan present in the raw material.

lulose. For example, Ohgren et al. (2007) reported near-the-
oretical glucose yield (96—104%) from acid-catalysed steam
pretreated corn stover when xylanases are used to supple-
ment cellulases during hydrolysis.

Effect of pretreatment conditions on enzymatic hydrol-
ysis yields Enzymatic hydrolysis yields were evaluated as
the percentage of glucose released referred to both the total
glucan content of the raw material (i.e., including glucose
present in the extractives) (Figure 3a) and the structural glu-
can content of the raw material (Figure 3b). Enzymatic
hydrolysis yields were found to increase with temperature,
reaction time (except for 43% EtOH at 210°C), and lower
EtOH content (except at 190°C). Pretreatment at 210°C,
15 min, and 43% EtOH (exp. 9) resulted in maximum enzy-
matic glucose yields of 68% and 90% based on total and
structural glucan content of OTPB, respectively. The glucose
present in the extractives fraction seems to be removed from
the biomass during organosolv pretreatment at higher pre-
treatment severity and at higher EtOH content (see also glu-
can recovery, Figure 1c). This effect limits the maximum
enzymatic glucose yield. Further increasing the severity of
the pretreatment is not expected to improve the enzymatic
digestibility because the glucan recovery (Figure 1c) will
probably decrease further (cf. exp. 9 and 10).

Irrespective of the EtOH concentration used, hydrolysis of
hemicelluloses clearly promoted enzymatic cellulose hydrol-
ysis. Removing hemicellulose improves accessibility of
enzymes to the cellulose fraction. For delignification, results
were less straightforward. For the 66% EtOH experiments,
the pretreated materials showing higher enzymatic digesti-
bility were also the ones with the lowest lignin contents
(Table 1) and those with the highest delignification (Figure
la). This result is in agreement with other reports showing
that lignin removal improves enzymatic hydrolysis (Ohgren
et al. 2007; Mussatto et al. 2008). However, the experiments
in which 43% EtOH was used showed an opposite trend (the
higher the AIL content of the pretreated material, the better
the enzymatic digestibility). Possible explanations include
the overestimation of the AIL content of these materials due
to the formation of pseudo-lignin and a difference in biomass
recalcitrance caused by native lignin and recondensated lig-
nin. Examples of pretreatment studies can also be found in
the literature, in which no direct relation could be found
between a lower lignin content of the pretreated biomass and
a better enzymatic digestibility [e.g., EtOH-water pretreat-
ment of pine (Pan et al. 2007) and acetone-water pretreat-
ment of Pinus radiata (Araque et al. 2007)].

Comparison of pretreatment methods for OTPB Table
3 compares the enzymatic hydrolysis results at optimum pre-
treatment conditions from this study with results obtained in
earlier studies on different pretreatment methods for OTPB
(Cara et al. 2007, 2008a,b). Organosolv pretreatment was
found to be the best pretreatment method for enzymatic
hydrolysis of OTPB reported to date. In other words, orga-
nosolv pretreatment leads to a better use of the glucan
content of the raw material.

Conclusions

Organosolv pretreatment was found to fractionate OTPB and
to enable enzymatic sugar production from this biomass.
Delignification increased by a higher EtOH content of the
solvent and more severe pretreatment (up to 64% at 66%
EtOH, 210°C, 60 min). By contrast, xylan hydrolysis is pro-
moted by a lower EtOH content (maximum 92% at 43%
EtOH, 210°C, 60 min). Enzymatic digestibility of the orga-
nosolv pretreated OTPB is enhanced at all pretreatment con-
ditions tested compared to the raw material. In the range of
variables assayed, the optimum enzymatic hydrolysis yield
(90% of the structural glucan present in the raw material)
was obtained when OTPB was subjected to organosolv pre-
treatment at 210°C for 15 min, using 43% EtOH. Organosolv
was found to be the most effective pretreatment method for
enzymatic hydrolysis of OTPB studied thus far. Further
research efforts should focus on extraction of the significant
amount of non-structural glucose and the hemicellulose sug-
ars without degradation to further improve the production of
fermentable sugars from OTPB.
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