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Abstract During tree growth, hardwoods can initiate the

formation of tension wood, which is a strongly stressed

wood on the upper side of the stem and branches. In

Eucalyptus globulus, tension wood presents wider and

thicker cell walls with low lignin, similar glucan and high

xylan content, as compared to opposite wood. In this work,

tension and opposite wood of E. globulus trees were sep-

arated and evaluated for the production of bioethanol using

ethanol/water delignification as pretreatment followed by

simultaneous saccharification and fermentation (SSF). Low

residual lignin and high glucan retention was obtained in

organosolv pulps of tension wood as compared to pulps

from opposite wood at the same H-factor of reaction. The

faster delignification was associated with the low lignin

content in tension wood, which was 15% lower than in

opposite wood. Organosolv pulps obtained at low and high

H-factor (3,900 and 12,500, respectively) were saccharified

by cellulases resulting in glucan-to-glucose yields up to 69

and 77%, respectively. SSF of the pulps resulted in bio-

ethanol yields up to 35 g/l that corresponded to 85–95% of

the maximum theoretical yield on wood basis, considering

51% the yield of glucose to ethanol conversion in

fermentation, which could be considered a very satisfactory

result compared to previous studies on the conversion of

organosolv pulps from hardwoods to bioethanol. Both

tension and opposite wood of E. globulus were suitable raw

materials for organosolv pretreatment and bioethanol pro-

duction with high conversion yields.
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Introduction

Lignocellulosic materials, such as agricultural and forest

residues, grasses, and wood from angiosperms and gym-

nosperms species are the main raw materials for the pro-

duction of second-generation fuel ethanol. Different

alternatives are being evaluated all over the world to pro-

duce this liquid biofuel which mainly include biochemical

or thermochemical routes [16, 19]. The biochemical path is

the most recognized alternative to the traditional sucrose or

starch-to ethanol processes. In this case, to be suitable for

fermentation, lignocellulosic biomass must pass several

steps aiming to decrease the recalcitrance of the matrix due

to the lignin presence, to make cellulose more accessible to

enzymatic hydrolysis and further fermentation of glucose

to ethanol. These steps include pretreatment, saccharifica-

tion, fermentation, and recovery of ethanol and co-products

[2, 14, 18].

The pretreatment is probably the most costly and critical

step during biomass processing and has an impact in fur-

ther enzymatic hydrolysis, sugar yields, fermentation, and

ethanol production. In pretreatments where lignin frac-

tionation is one of the objectives, the hemicelluloses are

also partially degraded and the bonding with cellulosic
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fibers are broken, disrupting the cell wall, releasing the

fibers, and decreasing cellulose crystallinity. Depending on

the severity of pretreatment and chemicals used, lignin is

solubilized at different extents and a cellulose-enriched

pulp is obtained. The pulp is more accessible to the

hydrolytic enzymes (cellulases) that released glucose

monomers for fermentation [2]. Organosolv delignification

with ethanol/water (ethanosolv) is one among many alter-

natives for biomass pretreatment, which is in accordance

with the ‘‘lignocellulosic biorefinery’’ concept [24].

Besides the cellulosic pulp for enzymatic hydrolysis and

fermentation, the co-products generated also contributed to

the economic sustainability and flexibility of the process.

By flashing the cooking liquor it is possible to volatilize

and recover the ethanol used in for delignification. Lignin

is recovered as a fine precipitate; hemicellulose sugars and

furfural can be recovered from the water-soluble stream

[24]. Ethanosolv is a versatile process that can be used to

pretreat almost any kind of lignocellulosic material [17, 23,

24]. When wood is used as raw material, hardwoods were

easily delignified and required less severe conditions than

softwoods during cooking processes to achieve a given

residual lignin content in pulp [23]. Variations in ana-

tomical composition of xylem, low lignin content, and less

condensed structures in lignin of hardwoods contributed to

better impregnation of cooking liquor in wood and low

lignin recondensation in the residual phase of delignifica-

tion, as compared to softwoods [11, 21, 29].

Hardwoods, which included the Eucalyptus species, can

present the formation of abnormal wood when growing

under determined climatic and/or soil conditions as per-

sistent winds, snow accumulation in branches, inclined

terrain, and any kind of stress that affects the upright

development of the stem. The reaction wood formed to

restore the verticality is known as tension wood, which

presented some particular features when compared to

opposite or normal wood [6, 25]. Cell walls of tension

wood are characterized by the presence of a gelatinous

layer (G-layer) that is made up of crystalline cellulose with

a low microfibrillar angle. Chemical composition of the

G-layer usually presented high cellulose, low lignin con-

tent, and high syringyl/guaiacyl (S/G) ratio in lignin [3, 5,

28].

Recently, Aguayo et al. [1] performed a detailed ana-

tomical and chemical characterization of tension and

opposite wood of 8-year old Eucalyptus globulus trees

growing in southern Chile. The authors found that tension

wood presented thicker and poorly lignified cell walls,

which were distributed, irregularly all over the tension

region. Cellulose content was rather similar for both ten-

sion and opposite wood, however, tension wood contained

30% more xylans and 15% less lignin amount than oppo-

site wood. Also, lignin from tension wood contained 24%

more syringyl units and a higher frequency of b-O-4

linkages as determined by thioacidolysis.

Trees that presented a high amount of tension wood or

deformation in their trunks are considered inadequate for

use as timber or structural material due to shrinkage and

formation of fissures during drying and mechanical pro-

cessing [8, 9]. Nevertheless, they could be a suitable raw

material for chemical transformation of wood such as

cellulosic bioethanol production owing its low lignin con-

tent. In this work, tension and opposite wood were sampled

from several E. globulus trees and comparatively evaluated

as a raw material for bioethanol production by using eth-

anol/water delignification and simultaneous saccharifica-

tion and fermentation processes (SSF).

Materials and methods

Sampling of Eucalyptus globulus trees with tension

wood formation

Eight trees of E. globulus (approximately 10 years old)

with evident tension wood formation (leaning stems and

asymmetry of the pith in the longitudinal axis of the log)

were harvested in a stand located in the campus of the

‘‘Universidad de Concepción’’ (Concepción, Chile). Logs

of approximately 1 m were cut in the leaning region with a

chainsaw, debarked, and divided into tension and opposite

wood by a longitudinal separation through the asymmetric

pith. Tension and opposite wood sections of the different

trees were chipped to an average chip size of 2.0 9 1.5 9

0.3 cm. Wood chips from each region were mixed to form

two homogeneous samples (tension and opposite wood),

air-dried to 10–12% moisture content, and stored in plastic

bags under low humidity conditions.

Chemical characterization of tension

and opposite wood chips

Wood chips were milled in a knife mill to pass through a

40-mesh size screen. Approximately 3 g of milled wood

were extracted with acetone:water 9:1 in a Soxhlet appa-

ratus for 16 h (approximately 40 cycles). Extractive-free

milled wood samples were analyzed for glucan and lignin

content by using acid hydrolysis with 72% sulfuric acid

following the procedure described by Mendonça et al. [22].

Samples (300 mg) were weighed in a test tube and 3 ml of

72% H2SO4 (w/w) added. Hydrolysis was performed in a

water bath at 30�C for 1 h with stirring every 10 min.

Subsequently, the acid was diluted with 79 ml of distilled

water; the mixture transferred to a 250-ml Erlenmeyer flask

and autoclaved for 1 h at 121�C. The residual material was

cooled and filtered through a porous glass filter number 4.
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Solids were dried to constant weight at 105�C and deter-

mined as insoluble lignin. Soluble lignin was determined

by measuring the solution absorbance at 205 nm. Total

lignin was calculated as the sum of insoluble and soluble

lignin. The concentration of glucose and cellobiose in the

soluble fraction was determined by HPLC in a Merck

Hitachi instrument with an Aminex HPX-87H column at

45�C, eluted at 0.6 ml/min with 5 mM H2SO4 and using a

refractive index detector. Glucose and cellobiose were used

as external calibration standards. The factors used to con-

vert sugar monomers to anhydromonomers were 0.90 for

glucose to glucan and 0.92 for cellobiose to glucan. The

sum of the anhydromonomers from glucose and cellobiose

gave the amount of total glucan in wood.

The carbohydrates present in hemicelluloses are quan-

tified by acid methanolysis according to Sundberg et al.

[26]. Extractive-free wood meal was freeze-dried prior to

weighing 10 mg into a pear-shaped flask. Samples were

subjected to acid methanolysis by the addition of 2 ml of

2.0 M HCl in anhydrous methanol. Samples were kept in

an oven at 100�C for 3 h. After cooling to room tempera-

ture, 100 ll of pyridine was added to neutralize the acidic

solution as well as 4 ml of methanol (containing sorbitol at

0.1 mg/ml as an internal standard). One ml of the clear

sample solution was transferred into another pear-shaped

flask and the solution reduced by rotary evaporation at

40�C. Samples were dissolved in 100 ll pyridine. For

silylation, 150 ll hexamethyldisilazane (HMDS) and 80 ll

trimethylchlorosilane (TMCS) were added prior to thor-

ough shaking of the sample. After 4 h at room temperature,

samples were analyzed by GC-FID. One ll of a silylated

sample was injected via a split injector (260�C, split

ratio 1:20) into a 30 m 9 0.25 mm i.d. 9 0.25 lm film

thickness column DB5 (Agilent J&W). The column tem-

perature program was 100–175�C (4�C/min) followed by

175–290�C (12�C/min). The detector (FID) temperature

was 290�C. Nitrogen was used as carrier gas. Calibration

curves and factors were determined for each sugar (arabi-

nose, xylose, galactose, glucose, mannose) in order to

calculate their concentration in the wood.

Organosolv delignification of tension

and opposite wood

Ethanol/water was used for the delignification of tension

and opposite wood. Reactions were performed in a 1-l Parr

reactor with 100 g wood chips, 60% ethanol solution,

liquor/wood ratio 6/1, cooking time varying from 30 to

120 min and temperature of 180 and 200�C. With the time

and temperature used, the H-factor varied from 2,000 to

20,000 [27]. After each cooking, the residual material was

filtered and disintegrated in a TAPPI laboratory blender for

10 min with 1,000 ml of 1% NaOH solution [23]. The

suspension was filtered and the pulp washed thoroughly

with tap water. Pulps were screened in 0.2 mm slot to

remove rejects (partially cooked and non-fiberized wood)

and then centrifuged until 3% consistency. The obtained

pulps were weighed and moisture content determined to

calculate the screened pulp yield. The chemical composi-

tion of pulps was determined according to the procedures

described previously. Intrinsic viscosity of pulps was

determined following ISO 5351:2004 standard.

Saccharification and fermentation of organosolv pulps

Saccharification of selected organosolv pulps was evalu-

ated by means of enzymatic hydrolysis with cellulases. To

a 250-ml Erlenmeyer flask was added 5 g pulp (dry basis),

50 ml citrate buffer (pH 4.8), 20 FPU Celluclast 1.5 l and

20 CBU b-glucosidase (Novozymes, USA) per gram/pulp.

Enzymatic hydrolysis was carried out for 72 h at 40�C,

150 rpm. A 2-ml aliquot was withdrawn for quantification

of glucose released by HPLC with and IR detector [10].

Simultaneous saccharification and fermentation of

organosolv pulps from tension and opposite wood of

E. globulus was carried out in a 250-ml Erlenmeyer flasks

with 5 g pulp (dry basis), 6 g/l Saccharomyces cerevisiae

IR2-9a, 50 ml of buffer citrate (pH 4.8) supplemented with

5 g/l yeast extract, 5 g/l peptone, 1 g/l NH4Cl, 1 g/l

KH2PO4 and 0.5 g/l MgSO4. Enzymes loads (Celluclast

and b-glucosidase) per gram of pulp were the same used in

the enzymatic hydrolysis step. SSF was performed at 40�C,

150 rpm for 72 h. Aliquots were periodically sampled for

ethanol quantification by gas chromatography on a Perkin-

Elmer autosystem XL Headspace using a FID detector and

an HPSMS 30-m column [4]. The theoretical ethanol yield

was calculated assuming that all the glucose in pulps were

available for fermentation and that 1 g glucose generates

0.51 g ethanol. All experiments described in this section

were performed in triplicate.

Results and discussion

The chemical composition of tension and opposite wood

chips of E. globulus used in this work is shown in Fig. 1.

No significant differences were found for the glucan con-

tent in both types of wood. According to Aguayo et al. [1],

the G-layer in the cells of E. globulus tension wood were

irregularly distributed in the tension region and its amount

was not enough to promote a significant difference in

cellulose content as compared to opposite wood. The main

chemical difference found between tension and opposite

wood of E. globulus was in the lignin and hemicellulose

content. Tension wood has 33% more xylans and 15% less

lignin than opposite wood. Similar trends were previously
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reported for tension wood of E. globulus and other species

where low lignin content were found in tension wood and

they also presented a high amount of syringyl units in its

structure [1, 13, 15, 25].

The decrease in lignin content is an important feature of

tension wood in E. globulus that had effect in the delig-

nification from the ethanol/water process. In cooking per-

formed at H-factor varying from 3,900 to 12,500, it was

observed that pulps from tension wood presented lower

residual lignin content than pulps obtained from opposite

wood (Fig. 2a). For instance, a residual lignin content of

12% in the pulp from tension wood was obtained with an

H-factor of 3,900 while the opposite wood needed 6,500

of H-factor to achieve the same delignification degree. At

H-factor of 12,500, the lignin amount in tension pulp

achieves 8.5% while in opposite pulp it did not decrease

below 11%. Pulps from tension wood also presented higher

screened pulp yield at given lignin content as compared to

opposite pulp (Fig. 2b). Due to the lower lignin content in

the wood and the low severity in cooking, the selectivity of

the delignification is higher in tension wood which pro-

moted the retention of carbohydrates in organosolv pulps.

Pulps from opposite wood retained between 85 and 90% of

the original glucan amount while pulps from tension wood

retained between 92 and 95% of the glucans (calculated in

wood basis).

Two organosolv pulps from each wood sample (tension

and opposite) were selected for assays of glucan-to-glucose

conversion by enzymatic hydrolysis and also for simulta-

neous saccharification and fermentation (SSF) for bioeth-

anol production. The characteristics of the pulps selected

(with low and high H-factor) are shown in Table 1. These

pulps had lignin content varying from 8 to 14% and glucan

retention over 85% (in wood basis). Enzymatic hydrolysis

performed at 10% pulp consistency with Celluclast and

b-glucosidade showed that after 24 h, 45–60% of glucans

in pulp were converted to glucose and that after 72 h these

values were between 65 and 77% of glucan-to-glucose

conversion. Comparatively, the pulps from opposite wood

were hydrolyzed easier than pulps from tension wood, even

with higher or similar lignin content, which indicated that

the lignin content is not a limiting factor for an efficient

enzymatic hydrolysis [24]. The intrinsic viscosity of the

pulps was measured and the results showed that pulps from

tension wood presented higher viscosity (537–559 cm3/g)

than pulps from opposite wood (313–409 cm3/g) (Table 1).

This indicated that glucans in tension wood were with a

higher average molar mass than pulps from opposite wood.

Some authors have mentioned previously that cellulose of

tension wood was highly crystalline [9] but this charac-

teristic also seems to not interfere with the efficiency of the

enzymes during the hydrolysis. Several authors reported

that the susceptibility of wood to the pretreatment was

mainly related with the porosity of wood cell wall and that

the crystallinity of cellulose was not a significant parameter

to measure the efficiency of the pretreatment or enzymatic

hydrolysis [12]. Some cellulolytic complexes could

Fig. 1 Chemical composition of opposite (dark bars) and tension

(white bars) wood of Eucalyptus globulus. *The sum of mannans,

arabinans, and galactans

Fig. 2 Residual lignin in pulp (a) and selectivity (b) of the

delignification of tension and opposite wood of Eucalyptus globulus
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hydrolyze the crystalline cellulose and the removal of

hemicellulose and lignin were more important for an effi-

cient enzymatic hydrolysis because it increased the acces-

sibility of the enzymes to the cellulosic substrate [7, 12, 20].

When the organosolv pulps from tension and opposite

wood of E. globulus were submitted to simultaneous sac-

charification and fermentation, bioethanol yields between

30 and 35 g/l were obtained after 48 h of fermentation

(Fig. 3). Pulps obtained at low H-factor (3,900) produced

approximately 30 g/l of bioethanol while pulps produced at

high H-factor (12,500) produced a maximum of approxi-

mately 35 g/l of bioethanol. Values obtained represented

between 85 and 95% of the maximal theoretical, consid-

ering 51% of the yield of glucose to ethanol conversion in

fermentation. This could be considered a very satisfactory

result compared to previous studies on the conversion of

organosolv pulps from hardwoods to bioethanol [23]. No

significant differences were obtained for pulps of tension

and opposite wood in SSF when these pulps were obtained

at the same H-factor. In this case, the pulp viscosity and the

residual lignin content seem to not affect the efficiency of

both enzymatic hydrolysis and fermentation. Considering

the conversion values obtained during organosolv pre-

treatment and SSF, from 1 ton of wood it could be obtained

approximately 290 l of bioethanol from the maximum

theoretical of 320 l/ton of E. globulus.

Conclusions

Tension and opposite wood of Eucalyptus globulus pre-

sented similar glucan content but tension wood presented

higher amount of xylans, and lower amount of lignin as

compared to opposite wood. The differences in lignin

content favored a faster delignification of tension during

ethanol/water organosolv process as compared to opposite

wood indicating that less severe conditions could be

applied to obtain pulps with the same characteristics.

Enzymatic saccharification and further simultaneous sac-

charification and fermentation showed similar results for

pulps of both types of wood obtained at the same H-factor.

More than 85% of the glucan content in wood was

recovered in the organosolv pulps and converted into bio-

ethanol with yields between 85 and 95% of the maximum

theoretical. Both tension and opposite wood of E. globulus

were suitable raw materials for the production of bioetha-

nol by using organosolv pretreatment and simultaneous

saccharification and fermentation.
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Table 1 Characteristics and glucan-to-glucose conversion of organosolv pulps of tension and opposite wood of Eucalyptus globulus submitted

to enzymatic hydrolysis with cellulases

Pulp sample H-factor Lignin

(%, pulp basis)a
Glucan

(%, pulp basis)

Glucan

(%, wood basis)

Other

carbohydrates

(%, pulp basis)b

Pulp

viscosity

(cm3/g)

Glucan-to-glucose

conversion (%)c

24 h 72 h

OW-1 3900 14.2 ± 0.2 74 ± 3 89 ± 3 9.6 ± 0.3 409 ± 3 41 ± 2 65 ± 1

OW-2 12500 12.7 ± 0.5 75 ± 3 85 ± 3 10.2 ± 0.6 313 ± 4 59 ± 1 77 ± 2

TW-1 3900 11.9 ± 0.8 78 ± 3 94 ± 3 7.3 ± 0 559 ± 4 45 ± 2 69 ± 1

TW-2 12500 8.6 ± 0.4 84 ± 1 92 ± 1 4.8 ± 0.3 537 ± 3 55 ± 2 73 ± 2

OW opposite wood, TW tension wood
a The sum of insoluble in sulfuric acid lignin ? soluble in sulfuric acid lignin
b The sum of xylans, mannans, arabinans and galactans
c Enzymatic hydrolysis with 10% pulp consistency, 20 FPU:20 CBU ratio (Celluclast: b-glucosidase), 40�C, 150 rpm

Fig. 3 Bioethanol production from organosolv pulps of tension* and

opposite** wood of Eucalyptus globulus. * Tension 1 and Tension 2:

pulps from tension wood obtained at H-factor 3,900 and 12,500,

respectively. ** Opposite 1 and Opposite 2: pulps from opposite

wood obtained at H-factor 3,900 and 12,500, respectively
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