
ORIGINAL PAPER

Fermentation of cellulosic hydrolysates obtained by enzymatic
saccharification of sugarcane bagasse pretreated by hydrothermal
processing

Vinı́cius F. N. Silva • Priscila V. Arruda •

Maria G. A. Felipe • Adilson R. Gonçalves •
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Abstract This work aims to evaluate the fermentability

of cellulosic hydrolysates obtained by enzymatic sacchar-

ification of sugarcane bagasse pretreated by hydrothermal

processing using Candida guilliermondii FTI 20037 yeast.

The inoculum was obtained from yeast culture in a medium

containing glucose as a carbon source supplemented with

rice bran extract, CaCl2�2H2O and (NH4)2SO4 in 50 mL

Erlenmeyer flasks, containing 20 mL of medium, initial 5.5

pH under agitation of an orbital shaker (200 rpm) at 30�C

for 24 h. The cellulosic hydrolysates, prior to being used as

a fermentation medium, were autoclaved for 15 min at

0.5 atm and supplemented with the same nutrients

employed for the inoculum, except the glucose, using the

same conditions for the inoculum, but with a period of

48 h. Preliminary results showed the highest consumption

of glucose (97%) for all the hydrolysates, at 28 h of fer-

mentation. The highest concentration of ethanol (20.5 g/L)

was found in the procedure of sugarcane bagasse pretreated

by hydrothermal processing (195�C/10 min in 20 L reac-

tor) and delignificated with NaOH 1.0% (w/v), 100�C, 1 h

in 500 mL stainless steel ampoules immersed in an oil

bath.
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Introduction

Lignocellulosic raw materials are widely used as substrates

for the production of ethanol or other value-added com-

pounds. Various lignocellulosic materials, including wood,

agricultural and agro-industrial residues can be used for

this purpose. Sugarcane bagasse, a sugar-alcohol sector

by-product, has received considerable attention because

it is cheap, available in large quantities and has a high

carbohydrate content [17].

The lignocellulosic biomass is a complex structure

comprised mainly of three polymeric fractions: cellulose,

hemicellulose and lignin. Organization of and interactions

among these polymers of the cell wall (constructed for

strength and resistance to biological, physical, and chemi-

cal attack) constitute a barrier to be accessed by depoly-

merizing enzymes, and must be partially deconstructed in

the pretreatment step prior to saccharification [6].

For this purpose, a pretreatment step is usually used to

reduce recalcitrance by depolymerizing and solubilizing

hemicelluloses. Removal of hemicellulose from the

microfibrils is thought to expose the crystalline cellulose

core, which can then be hydrolysed by cellulase enzymes.

In addition, pretreatment typically breaks down the mac-

roscopic rigidity of the biomass and decreases the physical

barriers to mass transport [7].

In this context, hydrothermal pretreatment has been

gaining increasing attention as both an environmentally

friendly solvent and an attractive reaction media for a

variety of applications. In this process, at 150–230�C range

temperatures, lignocellulosic materials undergo hydrolysis

reactions in the presence of the hydronium ions generated

by water auto-ionization, which act as catalysts. The het-

erocyclic ether bonds of hemicelluloses are the most

susceptible to this type of reaction, leading both to
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generation of oligosaccharides and to splitting of the acetyl

groups from the hemicellulosic fraction of the raw materials.

In further reaction stages, the hydronium ions generated

from acetic acid auto-ionization also act as catalysts in the

degradation of polysaccharides. Other fractions of ligno-

cellulosic materials different from hemicelluloses can also

react in the presence of water; for example, cellulose and

lignin can be partially depolymerized by similar hydrolysis

reactions [4].

On the other hand, pretreatment alone is not sufficient to

extensively remove lignin, as the lignin also forms a pro-

tective physical barrier against enzymatic attack. So,

alkaline extraction is used for lignin removal, contributing

to fast enzymatic saccharification of biomass with a high

sugar yield (for both hexoses and pentoses) [14].

However, enzymatic hydrolysis has demonstrated good

results for the subsequent fermentation, because, although

the process is slower, no degradation components of glu-

cose are formed [18].

The present work evaluated the fermentability of cellu-

losic hydrolysates obtained by enzymatic saccharification of

sugarcane bagasse pretreated by hydrothermal processing.

Sugarcane bagasse was pretreated only by a hydrothermal

process, and then submitted to enzymatic hydrolysis.

Pretreated samples of sugarcane bagasse were delignificated

by an alkaline process and also submitted to enzymatic

hydrolysis. Preliminary experiments using cellulosic

hydrolysates obtained from pretreated sugarcane bagasse

and from pretreated and delignificated sugarcane bagasse

were evaluated in relation to fermentability by Candida

guilliermondii FTI 20037, a yeast which is extensively

studied in the research about the use of lignocellulosic

materials and which produces ethanol as a byproduct.

Materials and methods

Raw material pretreatment and delignification

The sugarcane bagasse used in this study was provided by

the Cia. Açucareira Vale do Rosário of Orlândia/SP—

Brazil. As soon as obtained, the material was washed with

water until neutral in pH and dried at 50 ± 5�C to attain

10% moisture content (untreated material).

The untreated material was submitted to hydrothermal

processing pretreatment in a 20L reactor (model REGMED

AU/E-20, with a mixture system for complete rotation

(360�), under these conditions: 185�C/10 min, 190�C/

10 min and 195�C/10 min at 1:10 w:v solid:liquid ratio

with 6 rpm agitation. The pretreated sugarcane bagasse

was washed with 60 L of water, until neutral in pH, for

removal of residual quantities of hemicellulosic hydrol-

ysate, and then it was measured to determine mass yield.

Afterwards, some of the lignocellulosic material was

delignificated with NaOH 1.0% (w/v), 100�C, 1 h in

500 mL stainless steel ampoules immersed in an oil bath. At

the end of the reaction, the residual solid material (cellulose

pulp) was separated by filtration in 100% polyester cloth,

washed with water to remove the residual alkali, and dried

at 50 ± 5�C to attain 10% moisture content.

Enzymes

The enzymes used were commercial cellulase concentrates

(Celluclast 1.5L), produced by Trichoderma reesei, sup-

plemented with Novozym 188 (b-glucosidase), produced

by Aspergillus niger (kindly supplied by Novozymes Latin

America Ltda).

Filter paper activity of the commercial cellulase con-

centrate was measured according to Mandels; Andreotti

and Roche [10], and expressed in filter paper units (FPU).

The formed reducing sugar was estimated by dinitrosali-

cylic acid [11]. One unit of FPU is defined as the amount of

enzyme required to liberate 1 lmol of glucose from

Whatman no.1 filter paper per minute at 50�C. Activity of

the b-glucosidase was measured according to Mong-

kolthanaruk and Dharmsthiti [12].

Enzymatic hydrolysis

The cellulase (15 FPU/g substrate) and b-glucosidase

(10 IU/g substrate) were added to 0.05 mol L-1 sodium

citrate buffer (pH 4.8) supplemented with 0.02% (w/v)

sodium azide to inhibit microbial contamination, and then

mixed with the substrate at 1:10 (w/v) solid:liquid ratio.

The experiments were carried out in 125 mL Erlenmeyer

flasks containing 30 mL total reaction volume. The flasks

were sealed with a plastic film and incubated in a rotary

shaker at 100 rpm, 45�C during 72 h.

This protocol was chosen for evaluation of enzymatic

saccharification of sugarcane bagasse in raw, pretreated

and delignificated forms. After 72 h reaction, the hydro-

lysates were heated for 5 min in a boiling water bath to

precipitate the protein and prevent further hydrolysis.

Glucose, cellobiose and xylose concentrations in the

hydrolysates were quantitatively determined by HPLC.

The cellulose conversion ratio was calculated according

to the expression:

CC ¼ mglucose � fh
minitial � yi

� 100

Where: CC: enzymatic cellulose conversion; mglucose:

glucose mass in the hydrolysate (w); minitial: dry mass of

lignocellulosic material, before enzymatic hydrolysis step

(w); yi: cellulose content in the lignocellulosic material and

fh: hydrolysis factor of cellulose (correspondent to 0.9).
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Chemical characterization of lignocellulosic materials

Chemical composition (cellulose, hemicelluloses and lig-

nin) of the original starting material (untreated), pretreated

(cellulignin) and cellulose pulp, was determined according

to Gouveia et al. [5]. Carbohydrates and organic acids were

determined by HPLC in a Shimadzu LC-10AD chromato-

graph equipped with a Shimadzu RID-6A refractive index

detector and a Aminex HPX-87H (300 9 7.8 mm, Bio-

Rad Laboratories Ltd) column.

The samples were diluted with deionized water, filtered

through Sep-Pak C18 filters (Millipore) and thus injected in

the chromatograph under these conditions: 45�C column

temperature, 0.005 mol L-1 sulfuric acid as mobile phase

at 0.6 mL.min-1 flow rate.

Fermentability of the cellulosic hydrolysates

The fermentation tests of cellulosic hydrolysates used

Candida guilliermondii 20037 yeast maintained in malt

extract agar at 4�C. The inoculum was obtained from yeast

culture in a synthetic medium containing glucose (30 g/L)

as a carbon source supplemented with rice bran extract,

CaCl2�2H2O and (NH4)2SO4 in 50 mL Erlenmeyer flasks,

containing 20 mL of medium, initial pH 5.5 under agitation

of an orbital shaker (200 rpm) at 30�C for 24 h.

The cellulosic hydrolysates, prior to being used as a

fermentation medium, were autoclaved for 15 min at

0.5 atm and, later, supplemented with the same nutrients

employed for the inoculum, except the glucose, using the

same conditions for the inoculum, but with a period of

48 h. The initial cell concentration in each Erlenmeyer

flask was 1.0 g/L. The control experiment was performed

containing only glucose as carbon source under the same

conditions specified for the hydrolysates.

Hydrolysate analyses were made by high performance

liquid chromatographic (HPLC), using the methodology

described in topic Chemical characterization of lignocel-

lulosic materials, regarding the composition of glucose,

xylose and ethanol, at 0, 28 and 48 h.

Cell viability was assessed using slide microscopy

analysis of fresh material prepared and stained with

methylene blue. For seed culture, the final density of cells

was 5.0 9 107 cells/mL. Table 1 shows the conditions for

obtaining hydrolysates as well as the abbreviations used for

each one.

Results and discussion

Raw material pretreatment and delignification

The composition of the raw material used in this work is

shown in Table 2. The sugarcane bagasse showed a high

carbohydrate content (about 42.8% of cellulose). This table

also shows the proportional increase of the cellulose and

Table 1 Cellulosic

hydrolysates obtained from

sugarcane bagasse obtained

from the hydrothermal process

used to fermentability test by

Candida guilliermondii yeast

Hydrolysates Conditions for obtaining hydrolysates

RPTB 1 A Sugarcane bagasse pretreated at 195�C/10 min, not delignificated

RPTB 1 B Sugarcane bagasse pretreated at 195�C/10 min and delignificated

RPTB 2 A Sugarcane bagasse pretreated at 190�C/10 min, not delignificated

RPTB 2 B Sugarcane bagasse pretreated at 190�C/10 min and delignificated

RPTB 3 A Sugarcane bagasse pretreated at 185�C/10 min, not delignificated

RPTB 3 B Sugarcane bagasse pretreated at 185�C/10 min and delignificated

Control Synthetic medium (pure sugar)

Table 2 Chemical composition and mass balance of sugarcane bagasse before (raw) and after pretreatments

Components Pretreatment conditions of sugarcane bagasse

Raw sugarcane bagasse 185�C/10 min 190�C/10 min 195�C/10 min

Yield – – 55.5%a – 51.7%b – 49.6%c

Cellulose 42.8 ± 0.3 58.8 ± 0.7 32.5 ± 0.7 60.8 ± 0.9 31.4 ± 0.9 63.4 ± 1.1 31.4 ± 1.1

Hemicelullose 25.9 ± 0.3 15.1 ± 0.4 8.4 ± 0.4 8.9 ± 0.4 4.6 ± 0.4 5.9 ± 0.1 2.9 ± 0.1

Lignin 22.1 ± 0.2 24.8 ± 0.1 13.8 ± 0.1 24.9 ± 0.7 12.9 ± 0.7 28.5 ± 1.2 14.1 ± 1.2

Ashes 1.4 ± 0.1 1.3 ± 0.0 0.7 ± 0.0 5.4 ± 0.1 2.8 ± 0.1 2.1 ± 0.1 1.0 ± 0.1

Extractives 6.1 ± 0.1 – – – – – –

Total 98.3 ± 1.0 100.0 ± 1.2 – 100.0 ± 2.1 – 99.9 ± 2.5 –

a,b,c Values of chemical characterization of sugarcane bagasse, adjusted by yield from the pretreatment steps
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lignin content in the pretreated sugarcane bagasse (185�,

190� and 195�C for 10 min) in relation to the raw sugar-

cane bagasse, due to solubilization of the hemicellulosic

fractions.

Note that there is a yield reaction (Table 2), for both

pretreatment and delignification steps, implying a reduction

of the amount of each component of the biomass during its

processing.

Analysis of solubilized fractions after the hydrothermal

pretreatment process (Table 3, below) showed that the

highest severity of pretreatment process (195�C/10 min)

provided the highest solubilization of the hemicellulose,

reaching 88.7%.

According to studies of hydrolysis of lignocellulosic

materials [3], in hydrothermal pretreatment processes

conducted in elevated temperatures, the heating time of the

reactor may be relatively long compared to the reaction

time in the target temperature, providing a pronounced

solubilization of the hemicellulosic fraction during the

heating phase.

In Table 3, a little increase in solubility of some cellu-

losics fractions was observed , achieving approximately

26.6% between 190 and 195�C/10 min, and also solubili-

zation of the lignin fraction from sugarcane bagasse,

reaching 41.8% in 190�C/10 min.

Several agricultural residues have presented different

behaviors in relation to increase of the susceptibility of

cellulosic fraction in relation to hydrolysis, reaching 50%

of cellulosic degradation in experiments conducted at

temperatures in the range of application for the hydro-

thermal pretreatment process, ranging from approximately

150–230�C, according with previous reports [4].

However, factors such as solid–liquid ratio and the

reaction time employed are important in controlling deg-

radation of the cellulosic fraction, avoiding the waste of

yield in the process of cellulose enzymatic conversion to

glucose for ethanol production.

After the hydrothermal pretreatment process, the

resulting material from this step had a better susceptibility

to alkaline delignification, as shown in Tables 4 and 5.

The delignification process with NaOH 1.0% (w/v), at

100�C during 1 h provided a solubilization of large

amounts of lignin (*81%) when the condition of the

hydrothermal pretreatment process at 195�C/10 min was

employed. However, a significant amount of the cellulosic

fraction was solubilized, achieving *45% for the same

conditions of pretreatment of sugarcane bagasse. In a

global process of ethanol production, the solubilization of a

large amount of cellulosic fraction is not desirable , as it

can lead to a loss of yield in this process.

The hydrothermal pretreatment process produced high

solubilization of hemicellulosic fraction and solubilization

of lignin fragments with low molecular weight, providing a

reduction in the recalcitrance of lignocellulosic material, as

Table 3 Solubilization of

components of sugarcane

bagasse after hydrothermal

pretreatment processing

Solubilized components

after pretreatment

Pretreatment conditions of sugarcane bagasse

185�C/10 min (%) 190�C/10 min (%) 195�C/10 min (%)

Cellulose 23.8 26.6 26.5

Hemicellulose 67.6 82.2 88.7

Lignin 37.7 41.8 36.0

Table 4 Chemical composition and mass balance of sugarcane bagasse delignificated, after hydrothermal pretreatment process

Components Delignification of sugarcane bagasse pretreated—Conditions: NaOH 1.0% (w/v), 100�C for 1 h, from the pretreatments at:

185�C/10 min 190�C/10 min 195�C/10 min

Yield – 74.4%a – 68.6%b – 59.7%c

Celullose 68.5 ± 0.1 28.3 ± 0.1 73.1 ± 0.6 25.9 ± 0.6 79.2 ± 0.6 23.5 ± 0.6

Hemicelullose 9.9 ± 0.2 4.1 ± 0.2 7.1 ± 0.1 2.5 ± 0.1 3.7 ± 0.2 1.1 ± 0.2

Lignin 18.8 ± 1.3 7.8 ± 1.3 17.3 ± 0.9 6.1 ± 0.9 14.2 ± 0.3 4.2 ± 0.3

Ashes 2.0 ± 0.2 0.8 ± 0.2 2.6 ± 0.0 0.9 ± 0.0 3.6 ± 0.4 1.1 ± 0.4

Total 99.2 ± 1.8 – 100.1 ± 1.6 – 100.7 ± 1.5 –

a,b,c Values of chemical characterization of sugarcane bagasse delignificated, adjusted by yield from steps of pretreatment and delignification

Table 5 Total solubilization of the components of sugarcane bagasse

after hydrothermal pretreatment process and alkaline delignification

steps

Biomass

components

185�C/10 min

(%)

190�C/10 min

(%)

195�C/10 min

(%)

Cellulose 33.9 39.4 45.2

Hemicellulose 84.2 90.3 95.8

Lignin 64.9 72.2 80.9
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also reported by another study [15]. This increased the

available surface cellulosic area, promoting extensive

degradation of this polymer in the process of sugarcane

bagasse alkaline delignification by the pretreatment with

more severity.

Enzymatic hydrolysis of sugarcane bagasse

The Table 6 shows that, after the hydrothermal pretreat-

ment step, the maximum conversion of cellulose obtained

(for the pretreatment condition: 195�C/10 min, followed by

delignification with NaOH 1.0% (w/v) at 100�C/1 h) was

89.2%, with a glucose concentration of 86.0 g/L in the

hydrolysate.

These values were higher than those obtained by enzy-

matic saccharification of raw sugarcane bagasse, which

achieved 6.0% of cellulose conversion and with a glucose

concentration of 8.3 g/L in the hydrolysate. It can also be

verified in this table that these values were higher than

those obtained by enzymatic saccharification of sugarcane

bagasse that was only pretreated, which achieved 69.2% of

cellulosic conversion with a glucose concentration of

66.8 g/L in the hydrolysate.

Table 3 verified that the increase of pretreatment

severity (from 185�C/10 min to 195�C/10 min) enhanced

the solubilization of the hemicellulosic fraction and pro-

vided a change in the cellulosic structure (in relation to

their physical–chemical characteristic mainly) which made

it more accessible to the action of cellulolytic enzymes.

This factor directly reflected in the increase of the

conversion of cellulose into glucose, as shown by the

increase in the glucose concentration in the enzymatic

hydrolysate (Table 6). Besides, the sugarcane bagasse

coming from the hydrothermal pretreatment step at 195�C/

10 min, when delignificated with NaOH 1.0% (w/v) at

100�C for 1 h, showed a better enzymatic conversion of

cellulose than the other conditions of pretreatment and

delignification employed.

This material probably had a lignin structure that was

easier to remove, a small amount of hemicellulose in the

fiber and a cellulosic fraction with a lower degree of

polymerization and more available to the action of cellu-

lolytic complexes. This indicates that there is a significant

improvement in the enzymatic conversion of the cellulose

after the pretreatment and delignification steps, a fact

previously reported by other authors [13, 16].

Testing of fermentability of cellulosic hydrolysates

The graphs in Fig. 1a and b show the behavior of Candida

guilliermondii yeast during the cultivation in cellulosic

hydrolysates obtained by enzymatic saccharification of

sugarcane bagasse after different conditions of hydrother-

mal pretreatment and control experiments, respectively.

Analyzing the results of Fig. 1a and Table 7, we found

a similarity in glucose consumption (higher than 98.5%),

regardless of the pretreatment conditions employed,

except for the condition RPTB 3B (94.9%). We also

observed that the yeast consumes glucose rather than

xylose during the first 28 h. This fact was already pre-

viously verified using the same yeast [19]. Xylose was

slowly assimilated in all the pretreatment conditions used;

its maximum consumption (92.4%) occurred in the con-

dition RPTB 3A, in which we observed the maximum

glucose consumption (100%). Concerning ethanol pro-

duction, the maximum concentration (20.5 g/L) occurred

in 28 h using the enzymatic hydrolysate of cellulosic

fraction of bagasse pretreated at 195�C/10 min and del-

ignificated (RPTB 1B).

This condition coincided with one in which the more

soluble fractions of hemicellulose and lignin were obtained

(Table 3). It was also shown by Fig. 1 that, except for the

hydrolysate from the condition RPTB 3B, the ethanol was

assimilated by the yeast, as verified previously [1]. The

behavior of the yeast during cultivation in a medium con-

taining only glucose as carbon source (Fig. 1b) showed a

slow glucose consumption, different from that observed in

hydrolysates. Possibly the hydrolysates contained some

compounds that favored the consumption of glucose and

consequently ethanol formation.

Table 6 Effect of hydrothermal

pretreatment and alkaline

delignification on enzymatic

saccharification of sugarcane

bagasse

Material Pretreatment

condition

Glucose concentration in

hydrolysate (g/L)

Cellulose

conversion (%)

Raw sugarcane bagasse – 8.3 ± 0.2 6.0 ± 0.3

Sugarcane bagasse pretreated 185�C/10 min 42.5 ± 0.4 40.8 ± 1.8

190�C/10 min 57.6 ± 0.6 56.9 ± 0.7

195�C/10 min 66.8 ± 1.3 69.2 ± 2.6

Sugarcane bagasse pretreated and

delignificated

185�C/10 min 71.6 ± 0.8 78.5 ± 0.6

190�C/10 min 74.5 ± 0.5 82.3 ± 0.6

195�C/10 min 86.0 ± 0.4 89.2 ± 2.2
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Fig. 1 Xylose filled circle and glucose filled square consumption and

ethanol production (filled triangle) by Candida guilliermondii yeast

during cultivation in a cellulosic hydrolysates obtained by enzymatic

saccharification of sugarcane bagasse from different conditions of

hydrothermal pretreatment. (RPTB 1—195�C/10 min; RPTB 2—

190�C/10 min; RPTB 3—185�C/10 min; A—not delignificated and

B—delignificated) and b Control
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A similar profile for glucose and xylose consumption

and ethanol production was also observed in other studies

[2, 8, 9, 20], but employing the yeast Saccharomyces

cerevisiae, commonly used in processes for ethanol pro-

duction. According to Krishnan et al. 2010 [8], the use of

this yeast provided ethanol concentrations higher (between

34 and 36 g/L) than those observed in this work. Once, in

their research, the employed enzymatic hydrolysates were

obtained from sugarcane bagasse pretreated with ammonia

(AFEX).

Regarding the number of viable cells, there was an

increase in the number of cells in all hydrolysates used,

with the increased time of fermentation (Fig. 2).

We also observed an increase in the number of cells in

48 h of fermentation for conditions RPTB 2A and RPTB

3A; these conditions were those that had lower ethanol

concentrations in the medium and a preference of biomass

production over ethanol production (Tables 7 and 8).

The Fig. 3 shows a diagram of the whole mass balance

at the optimum conditions of pretreatment of sugarcane

bagasse.

Conclusions

The ethanol production by Candida guilliermondii in

cellulosic hydrolysates obtained by enzymatic saccharifi-

cation of sugarcane bagasse was verified independently

of the employed pretreatment conditions. For all evalu-

ated conditions, delignification contributed to improving

the ethanol production by this yeast, except for the con-

dition of sugarcane bagasse pretreated at 185�C/10 min

and delignificated (RPTB 3B). Cell growth was observed

in all the employed hydrolysates, achieving its highest

value in condition RPTB 3A at a fermentation time of

48 h.

Table 7 Glucose and xylose

consumption (%) and ethanol

formation by Candida
guilliermondii yeast

Enzymatics

hydrolysates of

Glucose consumption (%) Xylose consumption (%) Concentration of ethanol (g/L)

28 h 48 h 28 h 48 h 28 h 48 h

RPTB 1A 98.8 98.5 29.9 33.6 15.5 11.7

RPTB 1B 97.7 98.9 37.2 40.9 20.5 15.5

RPTB 2A 98.9 99.1 25.4 77.4 17.6 9.9

RPTB 2B 98.9 99.2 33.3 53.6 18.2 11.9

RPTB 3A 99.1 100 40.1 92.4 13.2 9.3

RPTB 3B 51.4 94.9 17.6 30.5 5.3 14.5

Control 24.6 33.6 – – 8.3 6.8
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Fig. 2 Number of viable cells during cultivation in cellulosic

hydrolysates obtained by enzymatic saccharification of sugarcane

bagasse from hydrothermal pretreatment conditions: RPTB 1A filled
square, RPTB 1B filled circle, RPTB 2A filled triangle, RPTB 2B

filled inverted triangle, RPTB 3A filled left pointing triangle, RPTB

3B filled right pointing triangle and Control filled diamond

Table 8 Cell counts in a

Neubauer chamber at times 0,

28 and 48 h

Enzymatic

hydrolysates of

Cell counts in Neubauer chamber (cell/mL)

0 h 28 h 48 h

RPTB 1A 0.83 9 108 5.3 9 108 2.6 9 108

RPTB 1B 0.46 9 108 2.9 9 108 5.1 9 108

RPTB 2A 0.80 9 108 2.4 9 108 8.7 9 108

RPTB 2B 0.77 9 108 1.9 9 108 4.7 9 108

RPTB 3A 0.55 9 108 2.9 9 108 10.0 9 108

RPTB 3B 0.63 9 108 0.24 9 108 2.6 9 108

Control 0.61 9 108 0.45 9 108 2.2 9 108
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FAPESP (Fundação de Amparo à Pesquisa do Estado de São Paulo),

CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nı́vel

Superior) and CNPq (Conselho Nacional de Desenvolvimento

Cientı́fico e Tecnológico). The authors are grateful to Novozymes

Latin America Ltda for the supply of the enzymes used in this study.

References

1. Arruda PV, Felipe MGA (2009) Role of glycerol addition on

xylose-to-xylitol bioconversion by Candida guilliermondii. Curr

Microbiol 58:274–278. doi:10.1007/s00284-008-9321-7

2. Bals B, Rogers C, Jin M, Balan V, Dale B (2010) Evaluation of

ammonia fibre expansion (AFEX) pretreatment for enzymatic

hydrolysis of switchgrass harvested in different seasons and

locations. Biotechnol Biofuels 1–11. doi:10.1186/1754-6834-3-1

3. Carrasco F, Roy C (1992) Kinetic study of dilute-acid prehy-

drolysis of xylan-containing biomass. Wood Sci Technol

26:189–208

4. Garrote G, Domı́nguez H, Parajó JC (1999) Hydrothermal pro-
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