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Abstract This study aimed to correlate the efficiency of

enzymatic hydrolysis of the cellulose contained in a sug-

arcane bagasse sample pretreated with dilute H2SO4 with

the levels of independent variables such as initial content of

solids and loadings of enzymes and surfactant (Tween 20),

for two cellulolytic commercial preparations. The prepa-

rations, designated cellulase I and cellulase II, were char-

acterized regarding the activities of total cellulases,

endoglucanase, cellobiohydrolase, cellobiase, b-glucosi-

dase, xylanase, and phenoloxidases (laccase, manganese

and lignin peroxidases), as well as protein contents. Both

extracts showed complete cellulolytic complexes and

considerable activities of xylanases, without activities of

phenoloxidases. For the enzymatic hydrolyses, two 23

central composite full factorial designs were employed to

evaluate the effects caused by the initial content of solids

(1.19–4.81%, w/w) and loadings of enzymes (1.9–38.1

FPU/g bagasse) and Tween 20 (0.0–0.1 g/g bagasse) on the

cellulose digestibility. Within 24 h of enzymatic hydroly-

sis, all three independent variables influenced the conver-

sion of cellulose by cellulase I. Using cellulase II, only

enzyme and surfactant loadings showed significant effects

on cellulose conversion. An additional experiment dem-

onstrated the possibility of increasing the initial content

of solids to values much higher than 4.81% (w/w)

without compromising the efficiency of cellulose conver-

sion, consequently improving the glucose concentration in

the hydrolysate.

Keywords Enzymatic hydrolysis � Statistical design �
Surfactant � Fermentable sugars

Introduction

Sugarcane bagasse is generated after processing and

extraction of sugar, mainly sucrose, from sugarcane plant.

Although most of the sugarcane bagasse is burned to pro-

duce steam power, there is still a surplus of this material

whose use as a source of sugars for ethanol production

would allow the industry to enhance its ethanol production

without increasing the demand for more sugarcane [9].

Different strategies for the conversion of lignocellulo-

sics into sugars have been demonstrated on laboratory and

pilot scales. The general concept involves a pretreatment

followed by enzymatic hydrolysis [19]. There are several

pretreatment technologies using different strategies to

enhance the enzymatic digestibility of lignocellulosic

materials. Overall, these technologies change or remove

hemicellulose and/or lignin, increasing the superficial area

and improving the access of the cellulolytic enzymes to

their substrate [30, 45].

Pretreatment of lignocelullosic materials with dilute

sulfuric acid is one of the most effective processes for

removing and solubilizing hemicelluloses, with lower

effects on extraction of lignin [36]. Structural changes and

redistribution of lignin are the factors that enhance the

saccharification of such pretreated materials [17]. In gen-

eral, the structure of the complex lignin–hemicellulose–

cellulose is completely modified after the dilute sulfuric
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acid hydrolysis, allowing good accessibility of hydrolytic

enzymes to cellulose even in the presence of great amounts

of lignin [16].

For the hydrolysis of cellulose, three different enzymes

are required: (1) exo-1,4-b-D-glucanase (EC 3.2.1.91),

which hydrolyzes the cellulose chain from its ends

releasing cellobiose, (2) endo-1,4-b-D-glucanase (EC

3.2.1.4), which hydrolyzes the cellulose chain randomly,

and (3) 1,4-b-D-glucosidase (EC 3.2.1.21), which promotes

the hydrolysis of cellobiose to glucose and may also cleave

glucosidic units from oligosaccharides. These three

enzymes act synergistically to hydrolyze cellulose, creating

accessible sites to each other and relieving problems of

inhibition by products [12, 43].

Depending on the conditions employed during the pre-

treatment, part of the hemicellulose remains in the pre-

treated material and may affect the enzymatic hydrolysis of

cellulose. In such cases, the efficient hydrolysis of the

pretreated material requires the use of hemicellulases to

increase the accessibility of the cellulases to their substrate

[19, 32].

The aim of this study was to employ 23 central com-

posite full factorial designs to evaluate the effects caused

by the initial content of pretreated solids and loadings of

enzyme and Tween 20 on the cellulose digestibility of a

sugarcane bagasse sample pretreated with diluted sulfuric

acid, for two commercial enzyme preparations. The com-

mercial preparations were also characterized regarding the

activities of cellulolytic, xylanolytic, and phenoloxidative

enzymes as well as protein contents.

Materials and methods

Sugarcane bagasse sample pretreated

with diluted H2SO4

A sugarcane bagasse sample acquired from a local mill was

pretreated with dilute H2SO4 in 200-ml stainless steel

containers, in a thermostatic oil bath. The pretreatment

conditions, previously defined in our laboratories, were as

follows: solids content of 17.5% (w/w), H2SO4 loading of

1.7% (w/w), temperature of 150�C, and residence time of

30 min. The chemical composition of the pretreated

bagasse, determined according to the methodology vali-

dated by Gouveia et al. [15], was as follows: cellulose

(54.8%), hemicellulose (13.3%), lignin (32.7%), and ash

(1.1%); this chemical composition was used to determine

the subsequent saccharification yields. As determined by

using the National Renewable Energy Laboratory’s labo-

ratory analytical procedures [37], the chemical composition

of this same sample was as follows: glucan (59.2%), xylan

(10.2%), arabinan (0.3%), acid insoluble lignin (21.6%),

acid soluble lignin (2.2%), acetyl groups (0.8%), and ash

(1.3%).

Commercial cellulolytic preparations

The commercial cellulases used in this study were enzyme

preparations intended to be used by biomass-processing

industries, kindly donated by Genencor and Novozymes.

One of them was a cellulolytic preparation produced by a

genetically modified strain of Trichoderma reesei; the

other consisted of a mix (9:1 v/v) of cellulolytic enzymes

produced by Trichoderma reesei and b-glucosidases pro-

duced by Aspergillus sp.

Enzyme activities and protein contents

in the commercial cellulolytic preparations

Commercial cellulolytic preparations (I and II) were

characterized regarding the activities of total cellulases

[13], endoglucanase [13], cellobiase [13], cellobiohydro-

lase [44], b-glucosidase [44], and xylanase [4]. Pheno-

loxidase activities, namely laccase [6], manganese

peroxidase [22], and lignin peroxidase [40], were also

evaluated. As with enzymatic activities, the protein con-

tents in the enzymatic preparations were determined fol-

lowing a standard procedure [13]. All the activity assays

for the hydrolytic enzymes were carried out in sodium

citrate buffer (50 mM, pH 4.8), because this buffer was

used in the enzymatic hydrolysis of the pretreated bagasse.

Enzymatic hydrolysis of the pretreated bagasse

The pretreated bagasse used in the enzymatic hydrolysis

assays was exhaustively washed with distilled water and

dried at room temperature. The assays were performed in

125-ml Erlenmeyer flasks. The volume of sodium citrate

buffer (100 mM, pH 4.8) supplemented with sodium azide

(0.02% w/v) to prevent contamination was 12.5 ml. The

volumes of the enzyme preparations and of surfactant as

well as the mass of pretreated bagasse added to the flasks in

the assays varied according to the experimental design

shown in Table 1. The final volume was always completed

with distilled water to 25 ml (1 g = 1 ml). The sacchari-

fication was conducted at 45�C in an orbital shaker (Spp-

encer SP3060-25), under agitation of 70 rpm. Aliquots of

1 ml were taken at 24, 72, and 168 h, boiled for 5 min, and

centrifuged at 12,0009g (Beckman Microfuge 12 Centri-

fuge) for 30 min. The supernatants were collected and

filtered in Sep-Pak C18 cartridges. The concentrations of

sugars were then determined by HPLC (Waters) using a

BIORAD HPX-87H (300 9 7.8 mm) column, eluted at

0.6 ml/min with 0.01 N sulfuric acid. Sugars were detected

at 45�C, using a RID2414 refractometric detector. The
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enzymatic digestibility of cellulose was calculated

according to Eq. 1:

DC ¼ GC � RVð Þ � 0:90½ �=IMf g � 100 ð1Þ

where GC is the glucose concentration in the reaction

medium, RV is the reaction volume, and IM is the initial

mass of cellulose added to the reaction.

Experimental design and statistical analysis

In order to correlate the digestibility of pretreated bagasse

with the initial content of solids (1.19–4.81%, w/w) and the

loadings of enzymes (1.91–38.09 FPU/g of pretreated

bagasse) and surfactant (0.0–0.1 g/g of pretreated bagasse),

two 23 full experimental designs with six central points

were employed [7]. The real values of the independent

variables evaluated in the experiments are shown in

Table 1. For statistical analysis, these values were codified

in levels according to Eq. 2.

CV ¼ RV� V0ð Þ= DRV=2ð Þ ð2Þ

where CV is the codified value of the independent variable;

RV is the real value of the independent variable; V0 is the

real value of the independent variable on central level, and

DRV is the difference between maximum real value and

minimum real value of the independent variable [7].

Conditions that maximize the digestion of the pretreated

sugarcane bagasse were defined by using the methodolo-

gies of statistical design of experiments and analysis of

response surface plots. Mathematical models were devel-

oped through the adjustment of quadratic models (Eq. 3) to

the experimental data by the least squares technique, where

Yi represents the dependent variable, b0, bi, bii, and bij

represent the regression coefficients, and xi and xj represent

the independent variables. The regression coefficients kept

in the models were those coefficients which were signifi-

cant at 5% significance level (p \ 0.05). The response

surfaces described by the models were plotted with the

software Statistica 5.0.

Yi ¼ b0 þ
Xn

i¼1

bixi þ
Xn

i¼1

biix
2
i þ

Xn�1

i¼1

Xn

j¼iþ1

bijxixj ð3Þ

Effect of increased contents of solids on polysaccharides

conversion

The initial contents of solids evaluated in this additional

experiment ranged from 4 to 12%. The enzyme loading

(cellulase II) was 10 FPU/g pretreated bagasse; the sur-

factant loading, 0.05 g/g pretreated bagasse. The assay was

carried out under the same conditions as those described in

Sect. ‘‘Enzymatic hydrolysis of the pretreated bagasse’’,

except that the 1-ml samples were taken at 24, 48, and

72 h. The experiments were performed in duplicates and

the efficiencies of polysaccharides conversion were com-

pared among them using analysis of variance. The enzy-

matic digestibility of polysaccharides was calculated

according to Eq. 4:

DP ¼ GC � RVð Þ � 0:90½ � þ XC � RVð Þ � 0:88½ �=IMf g
� 100 ð4Þ

where GC is the glucose concentration in the reaction

medium, RV is the reaction volume, XC is the xylose con-

centration in the reaction medium, and IM is the initial mass

of polysaccharides added to the reaction.

Results and discussion

Characterization of the commercial cellulolytic

preparations

The commercial preparations, designated cellulase I and

cellulase II, were characterized regarding the activities

of hydrolytic and phenoloxidative enzymes, and protein

contents (Table 2). Both preparations presented complete

cellulolytic complexes and expressive activities of xylan-

ases, thus being recommended for the saccharification of

xylan-rich pretreated lignocellulosic materials.

Table 1 Real and coded values of independent variables in the 23

central composite full factorial design with 6 central points

Exp. Solid

(% w/w)

Enzyme

(FPU/g

solid)

Surfactant

(g/g solid)

Solid Enzyme Surfactant

1 2 10 0.02 -1 -1 -1

2 4 10 0.02 1 -1 -1

3 2 30 0.02 -1 1 -1

4 4 30 0.02 1 1 -1

5 2 10 0.08 -1 -1 1

6 4 10 0.08 1 -1 1

7 2 30 0.08 -1 1 1

8 4 30 0.08 1 1 1

9 3 20 0.05 0 0 0

10 3 20 0.05 0 0 0

11 3 20 0.05 0 0 0

12 1.19 20 0.05 -1.81 0 0

13 4.81 20 0.05 1.81 0 0

14 3 1.91 0.05 0 -1.81 0

15 3 38.09 0.05 0 1.81 0

16 3 20 0.00 0 0 -1.81

17 3 20 0.10 0 0 1.81

18 3 20 0.05 0 0 0

19 3 20 0.05 0 0 0

20 3 20 0.05 0 0 0

J Ind Microbiol Biotechnol (2011) 38:1089–1098 1091

123



Differences between cellulases I and II regarding the

activities of hydrolytic enzymes were noticed. The total

cellulase activity in preparation II was 93.5 ± 9.2 FPU/ml,

while 54.0 ± 0.6 FPU/ml was detected in preparation I.

Kovacs et al. [23] detected a total cellulase activity of

56.2 FPU/ml in Celluclast 1.5L. Compared with the pre-

viously mentioned results, Martins et al. [28] obtained a

higher cellulolytic activity (110.2 FPU/ml) in Celluclast

1.5L FG. On the other hand, these same authors detected

lower values of endoglucanase, b-glucosidase, and cello-

biase activities than we found in preparations I and II.

Cellulase I showed 2,643.0 CMCU/ml of endoglucanase,

38.4 IU/ml of cellobiohydrolase, 93.0 CBU/ml of cellobi-

ase, and 395.0 IU/ml of b-glucosidase, while cellulase II

exhibited 925.0 CMCU/ml, 98.0 IU/ml, 115.8 CBU/ml,

and 139.0 IU/ml, respectively.

In both preparations we found b-glucosidase activities

higher than cellobiase activities. However, the difference

between b-glucosidase and cellobiase activities detected in

cellulase I was much higher than that observed in cellulase

II. The difference between b-glucosidase and cellobiase

activities can be explained by the existence of three types

of b-glucosidases: (i) cellobiases sensu stricto, which

cleave exclusively cellobiose and have no action on aryl-b-

glucosides; (ii) b-glucosidases possessing broad specificity

in relation to the non-saccharide groups of the molecule;

and (iii) aryl-b-glucosidases, which cleave only b-gluco-

sides in which the non-saccharide group is an aryl alcohol

(e.g., phenol, p-nitrophenol, saligenin, and 6-bromo-2-

naphthol) [35]. However, for the enzymatic hydrolysis of

cellulose, cellobiase activity is the most important since

cellobiose is the natural substrate.

Considerable xylanase activities were detected in both

preparations, I and II: 1,280.6 and 1,249.0 IU/ml, respec-

tively. Martins et al. [28] detected a similar xylanase

activity in Celluclast 1.5L FG (1,232.8 IU/ml). It should be

remembered here that the supplementation of cellulolytic

complexes with xylanases is an alternative to increasing the

enzymatic conversion of cellulose in certain pretreated

lignocellulosic materials; xylanases act in the hydrolysis of

xylan-rich hemicelluloses remaining in the solid material

after the pretreatment, increasing the affordability of cel-

lulolytic enzymes to hydrolyze cellulose [32].

The protein contents observed in the cellulolytic prep-

arations I and II also differed considerably. Cellulase II

showed a higher protein content in comparison to cellulase

I (152.5 ± 10.0 mg/ml and 105.2 ± 6.6 mg/ml, respec-

tively). Mussato et al. [31], for example, observed a much

lower protein content (27.0 mg/ml) in an enzyme prepa-

ration widely used for saccharification of lignocellulosic

materials.

Phenoloxidase activities (manganese peroxidase, lac-

case, and lignin peroxidase) could not be detected in any of

the preparations. In general, Trichoderma sp. is not a

potential or large producer of phenoloxidases [34, 38].

However, some researchers reported the ability of some

strains to produce oxidative enzymes, especially laccases

[3, 14, 18]. There are also papers reporting the production

of laccase [25], manganese peroxidase [21], and lignin

peroxidase [1] by Aspergillus sp. strains. This gender has

also been studied in the expression of heterologous genes,

especially from basidiomycetes, for the production of

phenoloxidases [10, 39].

Saccharification of the sugarcane bagasse sample

pretreated with dilute H2SO4

The sugarcane bagasse sample pretreated with dilute

H2SO4 was subjected to enzymatic hydrolysis using the

commercial preparations I and II. In order to correlate the

initial content of solids and the loadings of enzymes and

surfactant with the cellulose conversion at 24, 72, and

168 h of hydrolysis, we performed two complete 23 central

composite experimental designs. Digestion values of cel-

lulose by cellulases I and II are shown in Table 3.

As can be observed in Table 3, cellulose conversion into

glucose varied according to hydrolysis conditions and

cellulase preparation used. When cellulase I was employed,

the cellulose conversion ranged between 27.5 and 47.7%

within 24 h of hydrolysis. Meanwhile, when cellulase II

was used, the yield of saccharification at the same time of

hydrolysis varied from 15.9 to 48.8%.

Lower values of cellulose saccharification, for both

cellulolytic preparations, were obtained under the condition

that employed the lowest amount of enzyme (1.91 FPU/g

pretreated bagasse). These results demonstrate the impor-

tance and influence of enzymes loading on cellulose sac-

charification from lignocellulose. Kaar and Holtzapple [20]

Table 2 Characterization of enzyme activities and protein contents

of enzyme preparations I and II

Cellulase I Cellulase II

Total cellulase (FPU/ml) 54.0 ± 0.6a 93.5 ± 9.2a

Endoglucanase (CMCU/ml) 2,643.0 925.0

Cellobiohydrolase (IU/ml) 38.4 98.0

Cellobiase (CBU/ml) 93.0 115.8

b-Glucosidase (IU/ml) 395.0 139.0

Xylanase (IU/ml) 1,280.6 1,249.0

Manganese peroxidase (IU/ml) – –

Laccase (IU/ml) – –

Lignin peroxidase (IU/ml) – –

Protein (mg/ml) 105.2 ± 6.6a 152.5 ± 10.0a

– Not detected
a Standard deviation was calculated from triplicates
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noticed remarkable differences in corn stover saccharifi-

cation depending on the loading of enzymes (experimental

range between 1 and 15 FPU/g). Their report also dem-

onstrated the necessity of exploring the effect of enzyme

loading on the digestion of lignocellulosic materials since

there is a limit above which further increases in the

enzymes loading do not result in higher saccharification

rates and yields. For example, Kaar and Holtzapple did not

note significant differences in the cellulose saccharification

yield when they varied the loading of cellulases from 10 to

15 FPU/g of pretreated corn stover. Similarly, Zheng et al.

[48] did not report differences in saccharification of Ley-

mus triticoides pretreated with diluted sulfuric acid when

they employed 60, 100, or 150 FPU/g material.

In the present study, the conversion of the cellulose

contained in the pretreated bagasse did not differ substan-

tially among the different preparations tested, in all the

hydrolysis times. The results showed that the majority of

the conversion (more than 66.0%) was obtained within

24 h of hydrolysis. For example, in 168 h of hydrolysis

with the cellulolytic preparation I, we observed an average

of 57.3% of cellulose conversion; an average of 38.0% was

obtained within 24 h of hydrolysis. With preparation II, we

noticed an average of 53.7% of cellulose conversion after

168 h of hydrolysis; a conversion of 37.3% was observed

in the first 24 h of hydrolysis. We decided to statistically

analyze the results obtained at 24 h of enzymatic hydro-

lysis, for both cellulolytic preparations. In this way, we

correlated the cellulose digestibility with the levels of the

independent variables evaluated in the factorial design.

The variance analyses of the models proposed to explain

the cellulose conversion within 24 h of hydrolysis by cel-

lulases I and II are shown in Tables 4 and 5, respectively.

Using cellulase I, we observed that all three factors eval-

uated (initial content of solids and loadings of enzymes and

surfactant) were significant. However, with cellulase II, the

initial content of solids was not a significant factor influ-

encing cellulose saccharification within 24 h of hydrolysis.

Cara et al. [8], evaluating the enzymatic hydrolysis of olive

tree biomass pretreated by steam explosion, reported that

solids loadings varying from 2 to 10% did not influence the

cellulose conversion in the first 48 h of hydrolysis.

According to these authors, increasing the initial substrate

Table 3 Enzymatic digestibility of cellulose from pretreated sugar-

cane bagasse at 24, 72, and 168 h of hydrolysis, by cellulolytic

preparations I and II

Exp. Cellulose conversion (%)

Cellulase I Cellulase II

24 h 72 h 168 h 24 h 72 h 168 h

1 29.3 45.2 47.3 30.2 39.9 46.1

2 34.5 42.8 58.0 28.8 36.8 44.4

3 30.2 48.7 58.7 37.8 43.9 46.5

4 42.5 49.2 62.0 40.8 46.2 55.1

5 38.9 44.9 55.2 38.1 45.8 55.4

6 36.7 41.1 58.9 36.8 46.6 57.6

7 36.6 54.2 62.4 48.8 53.1 63.6

8 47.7 54.7 61.9 48.1 54.4 62.9

9 43.5 52.7 60.7 38.6 47.0 55.4

10 35.6 47.4 60.6 36.7 45.8 53.8

11 30.0 50.0 50.6 41.1 41.5 56.4

12 33.2 47.9 61.6 41.6 50.7 65.0

13 44.6 51.2 63.0 37.0 48.0 57.1

14 27.5 37.8 47.1 15.9 23.9 29.1

15 44.7 50.5 62.9 40.4 48.0 56.1

16 30.8 38.0 41.5 34.5 41.6 48.8

17 45.0 53.9 62.7 40.1 47.1 57.1

18 41.3 49.2 55.1 36.2 45.3 55.0

19 42.9 50.7 53.8 38.1 46.2 54.6

20 44.1 54.0 61.1 35.4 46.8 53.5

Table 4 Variance analysis of the model proposed for predicting

cellulose conversion by cellulolytic preparation I within 24 h

hydrolysis

Source DF SS MS F value p

Model 3 481.30 160.43 9.12 0.0009

A 1 151.84 151.84 8.64 0.0096

B 1 163.0 163.0 9.27 0.0077

C 1 166.45 166.45 9.47 0.0072

Residual 16 281.35 17.58

Lack of fit 11 124.06 11.27 0.36 0.9274

Pure error 5 157.28 31.45

Total 19 762.64

DF degree of freedom, SS sum of squares, MS mean square, A solid,

B enzyme, C surfactant. R2 = 0.63

Table 5 Variance analysis of the model proposed for predicting

cellulose conversion by cellulolytic preparation II within 24 h

hydrolysis

Source DF SS MS F value p

Model 3 766.84 255.61 28.57 \0.0001

B 1 509.54 509.54 56.96 \0.0001

C 1 134.92 134.92 15.08 0.0013

B2 1 122.38 122.38 13.68 0.0019

Residual 16 143.13 8.95

Lack of fit 11 122.16 11.11 2.65 0.1462

Pure error 5 20.97 4.19

Total 19 909.97

DF degree of freedom, SS sum of squares, MS mean square,

B enzyme, C surfactant, B2 quadratic term. R2 = 0.84
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concentration during the enzymatic hydrolysis would lead

to a solution with higher concentration of glucose,

enhancing the subsequent ethanol production. Neverthe-

less, they also recommended being careful when increasing

the solids loading during the enzymatic digestion since

excessive concentrations may hinder homogenization of

the material and lead to a high concentration of glucose in

the reaction mixture; then, a possible inhibition of cellu-

lolytic enzymes may occur.

The addition of surfactants during the enzymatic

hydrolysis of lignocellulosic materials has been shown to

be beneficial in the conversion of cellulose, due to the

reduction in the unproductive adsorption of enzymes by

lignin [5, 26] and to the increase in the stability of such

proteins against denaturation [20]. Eriksson et al. [11], for

example, reported an increase of 63% in cellulose con-

version from steam-exploded spruce wood by supple-

menting the reaction mixture with 5 g/l Tween 20. Even

reducing the enzyme loading by 50%, they managed to

achieve similar results in terms of cellulose conversion by

adding 2.5 g/l Tween 20 to the reaction mixture. Kaar and

Holtzapple [20] demonstrated that the benefit of Tween is

loading dependent, not concentration dependent; the

best results being achieved with 0.15 g Tween/g solids.

Alkasrawi et al. [2], on the other hand, suggested adding

Tween to the reaction mixture up to a final concentration of

2.5 g/l. In our study, the addition of Tween 20 to the

reaction mixture improved the saccharification of the

bagasse cellulose, with both cellulolytic preparations; the

higher the loading of surfactant, the more efficient was the

cellulose saccharification. In a recent economic analysis

made in the context of ethanol production from organo-

solv-pretreated softwood, the use of surfactants during the

enzymatic hydrolysis of cellulose was selected as a good

strategy to reduce processing costs owing to the advantage

of recycling the cellulases [41]. Yang and Wyman [46]

also showed an increase in the enzymatic hydrolysis of

sulfuric acid-pretreated corn stover, from 82.3 to 91.7%,

by addition of bovine albumin to the reaction mixture.

These authors attributed the increase in the percentage

of saccharification to the adsorption of bovine albumin to

lignin, which reduced the unproductive adsorption of

cellulases.

The proposed models to quantify the effects of the

independent variables on the enzymatic digestion of cel-

lulose by preparations I and II within 24 h of hydrolysis

were simplified by setting the initial content of solids to its

maximum level (4.81% w/w), giving rise to Eqs. 5 and 6,

respectively. The proposed model for cellulose conversion

with preparation I is significant and shows no lack of fit,

but presents low prediction capacity (Table 4). The pro-

posed model for cellulose conversion with preparation II,

on the other hand, besides being significant and not

presenting lack of fit, shows a more accurate prediction

capacity (Table 5).

ICc24h ¼ 43:82þ 3:35� Bþ 3:38� C ð5Þ

IICc24h ¼ 39:11þ 5:92� Bþ 3:04� C � 2:55� B2 ð6Þ

where ICc24h and IICc24h represent cellulose conversion

into glucose within 24 h employing commercial cellulo-

lytic preparations I and II, respectively, as a function of

the coded values of loadings of enzymes (B) and surfac-

tant (C).

Response surface plots were elaborated from Eqs. 5

(cellulase I) and 6 (cellulase II), being presented, respec-

tively, in Figs. 1 and 2. As can be observed in these figures,

when cellulolytic preparation I is employed for the diges-

tion of the pretreated bagasse, it seems to be possible to

enhance the cellulose conversion indefinitely by increasing

the loadings of both enzymes and surfactant since there is

no curvature in the response surface plot (Fig. 1). How-

ever, when preparation II is used, a curvature in the area of

study is clearly observed for the loading of enzymes

(Fig. 2), i.e., from a certain point the increase in amount of

enzymes added to the mixture does not cause a corre-

sponding increase in the conversion of cellulose. This latter

behavior is similar to those observed by Kaar and Holtz-

apple [20] and Zheng et al. [48], as discussed previously,

but differs from the behavior displayed by commercial

preparation I. The graphs also show that the cellulose

digestion can be increased, apparently indefinitely, by

increasing the concentration of surfactant in the reaction

mixture.
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Fig. 1 Response surface showing the effects of the loadings of

enzymes and surfactant on the conversion of cellulose within 24 h, by

cellulolytic preparation I
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Similar to what was observed within 24 h of digestion,

considerable variations in the cellulose conversion at 72

and 168 h of hydrolysis were observed when employing

cellulolytic preparation II, with values ranging from 23.9 to

54.5% and from 29.1 to 63.6%, respectively. The variations

in the cellulose conversions by preparation I were not very

different and ranged from 37.8 to 54.7% within 72 h, and

from 41.5 to 63.0% within 168 h of hydrolysis. For all the

experimental conditions and times tested we did not detect

the presence of cellobiose in the reaction mixture, which

confirmed that both commercial preparations presented

sufficiently high activities of cellobiase. Such a property is

interesting since cellobiose is known to strongly inhibit the

activity of cellulases [47].

Last but not least, xylose was observed in the reaction

mixture during the saccharification of the pretreated

bagasse in all the conditions and reaction times, for both

commercial preparations (data not shown). The solubili-

zation of xylose is related to the action of xylanases,

present in the enzymatic preparations, on the residual

hemicellulose contained in the pretreated bagasse. The

highest hemicellulose conversions were obtained after

168 h of digestion, with 43.7 and 38.9% for the cellulases I

and II, respectively. The xylose generated during the

enzymatic digestion of xylan-rich lignocellulosic materials

can be an additional source of fermentable sugars to

increase the production of ethanol. It is noteworthy that

different strains of Saccharomyces cerevisiae were already

engineered to ferment xylose to ethanol [29]. Concomi-

tantly, the search for yeast strains able to ferment different

types of sugars into ethanol has been intense in the recent

years. As an example, a strain of Kluyveromyces sp.,

recently isolated from soil samples collected from a landfill

of bagasse in a sugar mill, was shown to be able to produce

ethanol from carbon sources as diverse as glucose, xylose,

mannose, galactose, lactose, sucrose, and cellobiose [24].

Besides ethanol, the xylose sugar could also be used for the

production of specialties like xylitol, a sweetener effective

in preventing dental caries [27] and in combating acute

otitis [42], among others.

Validation of the proposed models

Additional experiments were carried out to validate the

models proposed to quantify the enzymatic saccharification

of the pretreated bagasse within 24 h of hydrolysis as a

function of the independent variables, namely initial con-

tent of solids and loadings of enzymes and surfactant. For

each one of the two commercial preparations, three

experiments were performed in duplicates as shown in

Table 6. The lowest cellulose conversions, 9.3 and 7.6%

(cellulases I and II, respectively), were obtained when the

experiments were carried out using the lowest levels of all

the independent variables. Significantly higher cellulose
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Fig. 2 Response surface showing the effects of the loadings of

enzymes and surfactant on the conversion of cellulose within 24 h, by

cellulolytic preparation II

Table 6 Prediction intervals, experimental conversions, and real levels of the independent variables used to validate the proposed models

Independent variable Cellulose conversion (%)a Prediction interval (%)*

Solid (% w/w) Enzyme (FPU/g solid) Surfactant (g/g solid)

Cellulase I 1.19 1.91 0 9.3 ± 0.6 8.3–31.6

3 20 0.05 34.2 ± 0.0 28.9–47.1

4.81 38.09 0.1 44.5 ± 0.2 44.3–67.7

Cellulase II 1.19 1.91 0 7.6 ± 0.2 5.9–23.2

3 20 0.05 33.1 ± 0.2 32.5–45.7

4.81 38.09 0.1 43.4 ± 3.8 38.4–55.6

* p \ 0.05
a Standard deviation was calculated from duplicates
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conversions (44.5 and 43.4%, respectively) were achieved

when the variables were used at their highest levels. The

results achieved in these additional experiments validated

the proposed models since the efficiencies of digestion

were consistent with the prediction intervals, as shown in

Table 6.

Effect of increased contents of solids on polysaccharides

conversion

An additional experiment was carried out to evaluate the

effect of increasing the initial content of solids to values

higher than those previously evaluated in the statistical

designs. In this experiment, initial solids contents varying

from 4 to 12% were tested. The efficiency of polysaccha-

rides digestion and the concentration of fermentable sugars

(glucose and xylose) were considered as the response

variables. Cellulolytic preparation II was used in the

experiment because the model proposed to explain the

results achieved with this cellulase showed a better pre-

diction capacity, with an R2 value of 0.84.

According to the results, the efficiency of polysac-

charides conversion within 24 h of hydrolysis ranged

from 24.5 to 27.0% (Fig. 3a). No statistically significant

differences (p \ 0.05) were observed among the different

contents of solids. Similarly to what was observed in the

previous experiments, the majority of cellulose sacchar-

ification took place in the first 24 h of hydrolysis. At 48 h

of hydrolysis, the cellulose conversion achieved with the

highest initial content of solids (12%) was the lowest

(26.0%). Considering that the bagasse was washed thor-

oughly with distilled water after the pretreatment, the

decrease in cellulose conversion could not be explained

by the presence of inhibiting compounds generated during

such pretreatment [33]. Such a decrease in the efficiency

of conversion should be attributed to a poorer homoge-

nization of the reaction mixture as well as to the end-

product inhibition of the enzymes [8]. Regarding the

percentages of cellulose saccharification achieved at 72 h

of hydrolysis, there were no significant differences in the

cellulose conversions when using initial contents of solids

of 4, 6, 8, or 10%. However, the average cellulose con-

version observed during the reaction with 12% solids was

the lowest, 30.0%. Zheng et al. [48], for example,

observed a 16% drop in the enzymatic digestibility of

pretreated Leymus triticoides when the solid content was

increased from 4 to 12%.

As expected, the concentration of fermentable sugars

(glucose and xylose) obtained in the enzymatic hydrolysate

was maximized with the increase in the initial content of

solids in the reaction mixture (Fig. 3b). The highest con-

centrations of fermentable sugars were obtained after 72 h

of hydrolysis, 10 and 27 g/l when using 4 and 12% solids,

respectively. From the technological point of view, the use

of higher contents of solids is very interesting since it leads

to a hydrolysate containing an elevated concentration of

fermentable sugars, which will certainly reduce processing

costs.

Conclusion

Both commercial cellulolytic preparations I and II, pro-

duced by leading companies, presented complete cellulo-

lytic complexes and significant activities of xylanases,

showing ability to promote saccharification of the poly-

saccharides contained in the sulfuric acid-pretreated sug-

arcane bagasse sample. Further optimization in the

conditioning of the solids, prior to the enzymatic digestion,

would certainly lead to better saccharification efficiencies,

with both enzyme preparations. Considering that cellulase

II presented higher protein content and led to a worse

cellulose saccharification under the lowest enzyme loading,

cellulase I was apparently more efficient than its counter-

part. Such difference of behavior, under the experimental

conditions employed, was neutralized by increasing the
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loading of enzymes added to the material in the beginning

of the reaction. All three independent variables, namely the

initial content of solids and the loadings of enzymes and

surfactant, significantly influenced the saccharification of

the pretreated bagasse, for both preparations. Xylose was

shown to be present in all the enzymatic hydrolysates and,

although in low concentrations, could be used to increase a

future ethanol production or, otherwise, to produce higher

added value compounds. Finally, we would like to draw

attention to the fact that the chemical composition of lig-

nocellulosic materials and the constitution of complex

enzyme preparations are highly variable. As the pretreat-

ment conditions with dilute sulfuric acid leading to optimal

results in terms of xylose recovery and cellulose digest-

ibility are expected to depend of the composition of both

the raw material and the enzyme preparation, a small-scale,

composition-sensitive experimental approach would cer-

tainly help in defining the most adequate conditions for

pretreating and saccharifying each particular sample of raw

material before proceeding to larger-scale reactors. We

hereby report that the statistical methodologies of screen-

ing design and response surface analysis could be suc-

cessfully used to improve the enzymatic saccharification of

a sugarcane bagasse sample, pretreated with dilute sulfuric

acid under fixed conditions, on a small scale and in a short

time.
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de bagaço de cana-de-açúcar. Quim Nova 32:1500–1503. doi:

10.1590/S0100-40422009000600026

16. Grohmman K, Himmel M, Rivard C, Tucker M, Torget R,

Graboski M (1984) Chemical-mechanical methods for the

enhanced utilization straw. Biotechnol Bioeng Symp 14:137–157

17. Hendriks ATWM, Zeeman G (2009) Pretreatments to enhance

the digestibility of lignocellulosic biomass. Bioresour Technol

100:10–18. doi:10.1016/j.biortech.2008.05.027
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43. Väljamäe P, Kipper K, Pettersson G, Johansson G (2003) Syn-

ergistic cellulose hydrolysis can be described in terms of fractal-

like kinetics. Biotechnol Bioeng 84:254–257. doi:10.1002/

bit.10775

44. Wood TM, Bath MK (1988) Methods for measuring cellulose

activities. In: Wood WD, Kellogg ST (eds) Methods in enzy-

mology. Academic, San Diego, pp 87–112

45. Wyman CE, Dale BE, Elander RT, Holtzapple M, Ladisch MR,

Lee YY (2005) Coordinated development of leading biomass

pretreatment technologies. Bioresour Technol 96:1959–1966.

doi:10.1016/j.biortech.2005.01.010

46. Yang B, Wyman CE (2006) BSA treatment to enhance enzymatic

hydrolysis of cellulose in lignin containing substrates. Biotechol

Bioeng 94:611–617. doi:10.1002/bit.20750

47. Zhao Y, Wu B, Yan B, Gao P (2004) Mechanism of cellobiose

inhibition in cellulose hydrolysis by cellobiohydrolase. Sci China

Ser C Life Sci 47:18–24. doi:10.1360/02yc0163

48. Zheng Y, Pan Z, Zhang R, Wang D (2009) Enzymatic sacchar-

ification of dilute acid pretreated saline crops for fermentable

sugar production. Appl Energy 86:2459–2467. doi:10.1016/

j.apenergy.2009.03.012

1098 J Ind Microbiol Biotechnol (2011) 38:1089–1098

123

http://dx.doi.org/10.1385/ABAB:98-100:1-9:641
http://dx.doi.org/10.1177/00220345000790060101
http://dx.doi.org/10.1177/00220345000790060101
http://dx.doi.org/10.1016/j.biortech.2007.01.060
http://dx.doi.org/10.1016/j.biortech.2007.01.060
http://dx.doi.org/10.1007/s00253-009-2101-x
http://dx.doi.org/10.1016/j.biortech.2004.06.025
http://dx.doi.org/10.1016/j.enzmictec.2007.11.006
http://dx.doi.org/10.1016/j.biortech.2006.09.003
http://dx.doi.org/10.1002/bit.21100
http://www.nrel.gov/biomass/pdfs/42618.pdf
http://dx.doi.org/10.1515/HF.2000.078
http://dx.doi.org/10.1515/HF.2000.078
http://dx.doi.org/10.1016/j.enzmictec.2005.07.021
http://dx.doi.org/10.1007/s12010-009-8869-4
http://dx.doi.org/10.1007/s12010-009-8869-4
http://dx.doi.org/10.1016/S0264-410X(00)00294-2
http://dx.doi.org/10.1016/S0264-410X(00)00294-2
http://dx.doi.org/10.1002/bit.10775
http://dx.doi.org/10.1002/bit.10775
http://dx.doi.org/10.1016/j.biortech.2005.01.010
http://dx.doi.org/10.1002/bit.20750
http://dx.doi.org/10.1360/02yc0163
http://dx.doi.org/10.1016/j.apenergy.2009.03.012
http://dx.doi.org/10.1016/j.apenergy.2009.03.012

	Characterization of commercial cellulases and their use in the saccharification of a sugarcane bagasse sample pretreated with dilute sulfuric acid
	Abstract
	Introduction
	Materials and methods
	Sugarcane bagasse sample pretreated with diluted H2SO4
	Commercial cellulolytic preparations
	Enzyme activities and protein contents in the commercial cellulolytic preparations
	Enzymatic hydrolysis of the pretreated bagasse
	Experimental design and statistical analysis
	Effect of increased contents of solids on polysaccharides conversion


	Results and discussion
	Characterization of the commercial cellulolytic preparations
	Saccharification of the sugarcane bagasse sample pretreated with dilute H2SO4
	Validation of the proposed models
	Effect of increased contents of solids on polysaccharides conversion


	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


