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Abstract The aim of this work was to select an efficient
impeller to be used in a stirred reactor for the enzymatic
hydrolysis of sugar cane bagasse. All experiments utilized
100 g (dry weight)/l of steam-pretreated bagasse, which is
utilized in Brazil for cattle feed. The process was studied
with respect to the rheological behavior of the biomass
hydrolysate and the enzymatic conversion of the bagasse
polysaccharides. These parameters were applied to model
the power required for an impeller to operate at pilot scale
(100 1) using empirical correlations according to Nagata
[16]. Hydrolysis experiments were carried out using a
blend of cellulases, f-glucosidase, and xylanases produced
in our laboratory by Trichoderma reesei RUT C30 and
Aspergillus awamori. Hydrolyses were performed with an
enzyme load of 10 FPU/g (dry weight) of bagasse over
36 h with periodic sampling for the measurement of vis-
cosity and the concentration of glucose and reducing sug-
ars. The mixture presented pseudoplastic behavior. This
rheological model allowed for a performance comparison
to be made between flat-blade disk (Rushton turbine) and
pitched-blade (45°) impellers. The simulation showed that
the pitched blade consumed tenfold less energy than the
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Introduction

Currently, there is a scientific consensus that the present
trends and patterns of energy production and consumption
are unsustainable. This poses to the worldwide scientific
community a challenge to implement technological solu-
tions to protect the environment and society from the
adverse impacts caused by the continuous and intensive use
of oil for power generation. In this context, the production
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of second-generation ethanol is an attractive alternative [1].
The lignocellulosic material sugarcane bagasse is an ideal
raw material for ethanol production due to its abundant
availability in Brazil [5]. There are three technological
routes for the conversion of lignocellulosic materials into
fermentable sugars: (1) concentrated acid hydrolysis, (2)
dilute-acid hydrolysis, and (3) enzymatic hydrolysis after
biomass pretreatment. The enzymatic route is advanta-
geous for energy consumption as it operates under mild
temperature, pH, and pressure conditions. Moreover, the
selective reaction conditions avoid the formation of sugar
degradation products such as furfural and hydroxymethyl-
furfural, which decrease the sugar concentration in the
resulting biomass syrups and inhibit the fermentation pro-
cess [3, 13, 27].

The development of technology for the enzymatic
hydrolysis of sugarcane bagasse is of paramount impor-
tance for the production of second-generation ethanol in
Brazil. Amongst the main parameters to be studied, the
rheological behavior of the hydrolysis suspension stands
out as a major determinant of process efficiency. In par-
ticular, this knowledge would enable the selection of an
impeller type to minimize energy consumption during the
homogenization and enzymatic hydrolyses of the biomass
suspensions. Indeed, mixing is an important operation
parameter in chemical plants to achieve a uniform sus-
pension, particularly when the components are in different
phases (liquid, solid, or gas) [4, 17]. In addition, heat and/
or mass transfer and the size reduction of agglomerated
particles, all of which are promoted by the impeller, help to
initiate a chemical reaction and assist its progress [10].

The present work focused on the rheological behavior of
sugarcane bagasse hydrolysates. The rheological data gui-
ded the selection of an efficient impeller to be used in
stirred reactors for the development and scale-up of the
enzymatic hydrolysis of sugarcane bagasse.

Materials and methods
Pretreated sugarcane bagasse

Pretreated sugarcane bagasse was kindly provided by the
sugar and ethanol industry, Usina Vale do Rosario (Santa
Elisa Vale Conglomerate), located in Morro Agudo, Sao
Paulo State, Brazil. This plant processes 250 tons of
bagasse per day, during the harvest season, to be used as
cattle feed. The bagasse is pretreated with steam at 200°C
for 7 min (average pressure of 15 atm), followed by
gradual decompression. In our laboratory, the bagasse was
washed with warm distilled water to remove residual sol-
uble sugars and dried overnight at 60°C. This material was
washed with distilled water and ground to a particle size
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smaller than 2 mm using a grinder with knives coupled to a
2 mm diameter sieve at the sample outlet.

The determination of the carbohydrate content of the
pretreated bagasse was done according to the Standard
Biomass Analytical Procedures from the National Renew-
able Energy Laboratory, USA [19]. The total hydrolysis of
pretreated bagasse polysaccharides was performed by
incubating the material with 72% sulfuric acid at 30°C with
agitation for 1 h, followed by neutralization to a pH value
around 6 with calcium carbonate. This procedure was
followed by the determination of glucose and total reduc-
ing sugars in the hydrolysate.

Sourcing of enzymes

Hydrolysis experiments were carried out using a blend of
endo- and exo-glucanases, f-glucosidase, xylanases and
accessory enzymes produced in our laboratory by Tricho-
derma reesei RUT C30 and Aspergillus awamori 2B.361
U2/1 [2, 9, 22]. The blended culture supernatants presented
a FPU:f-glucosidase ratio of 1:1 due to the very high
p-glucosidase production by A. awamori, which was cou-
pled to the production, at lower levels, of other necessary
enzymes also produced by A. awamori. Enzyme activities
were measured as previously reported [8, 9, 22].

Enzymatic hydrolysis of pretreated sugarcane bagasse

The enzymatic hydrolysis experiments were carried out
using 100 g (dry weight)/l of steam-pretreated sugarcane
bagasse and an enzyme load of 10 FPU/g dry biomass. The
suspensions were incubated at 200 rpm, 50°C, and pH 4.8
(sodium citrate buffer, 50 mM) for 36 h with regular
sampling every 2 h. The glucose concentration was deter-
mined using a YSI 2,700 Select Biochemistry Analyzer,
and the total reducing sugar content was determined
according to the method of Miller [15].

Tank and impeller geometries

A stirred reactor of 1 1 capacity (Biostat B-plus, Sartorius),
equipped with a Rushton turbine, was used for sugarcane
bagasse hydrolysis. The equipment presented the same
geometry as a conventional full-scale stirred reactor. The
featured geometries of the reactor and impeller used at
laboratory scale where: 0.1084 (T); 0.1084 (H); 0.045 (D)
and 0.009 (w).

Rheological assays
The rheological behavior of the hydrolyzed samples was

evaluated as a function of the hydrolysis time, using a con-
centric cylinder rheometer (AR-G2; TA Instruments). The
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apparent viscosity was determined with regular sampling at
2-h intervals, as a function of shear rate (100-1,200 sfl) at
50°C, which was the same temperature used in the enzy-
matic hydrolysis experiments. The parameters of the expo-
nential model were estimated from experimental points at a
0.05 significance level, using the software Statistica 7.0.

Density assays

The relative density (p,) of the sugarcane bagasse particles
was determined by picnometry.

Dimensionless equations

A dimensionless correlation provides the relationship
between the power number (V) and the Reynolds number
(Nre) [6, 14, 23]. A pitched blade promotes an axial flow
and is mainly used in operations involving the mixing of
miscible liquids or the dissolution of solids. The power
number for a pitched blade, according to Nagata [16], is
presented below:

A 103 4 1.2N066\ 7/ (035+%)
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For non-Newtonian liquids, the shear rate can be
estimated by Eq. (3) [13].

— =10%N. (3)

The Rushton turbine promotes a radial flow that is
employed in mass transfer between a gas phase and a liquid
phase. These agitators are suitable for turbulent flow
mixing with high power consumption. The power number
for a Rushton turbine, according to Nagata [16], is
presented below (Eq. 4):

y o 1139+ 10* L7
P (NR€)2 NRe

+0.2. 4)

The geometric ratios used to calculate the mixing power
were as follows: 0.42 (D/T); 1.00 (H/T); 0.22 (w/D). The

tank and impeller geometries for a 100-1 tank (scale-up) used
to calculate the mixing power by a pitched blade (45°)
impeller without baffles were: 0.5 (T); 0.21 (D); 0.5 (H);
0.05 (w); 45° (0); 2 impellers. The corresponding calculation
for a Rushton turbine without baffles is simpler in
comparison to the pitched-blade turbine, and the tank and
impeller geometries employed were 0.5 (T); 0.21 (D).

Results
Pretreated sugarcane bagasse characterization

Data for the normalized bagasse composition (cellulose
43.6%; hemicellulose 8.75%j; lignin and ashes 33.75%)
indicated, as expected for steam-pretreated material, a low
hemicellulose content. The densities of the sugarcane
bagasse and that of the mixture of sugarcane bagasse
suspended in the enzymatic solution were 1.42 and
1.03 g/em?, respectively.

Hydrolysis kinetic data

The kinetics curves for the enzymatic hydrolysis are shown
in Fig. 1. The maximum conversion of cellulose to glucose
was 45% after a reaction time of 36 h. At this point, the
concentrations of glucose and total reducing sugars reached
22 and 27 g/l, respectively.

Rheology data

This work studied biomass conversion using a 10% sus-
pension of pretreated sugarcane bagasse. Nevertheless, the
operational cost of biomass conversion to ethanol can
be reduced by increasing the dry matter concentration
above this level. However, the apparent viscosity of
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Fig. 1 Glucose concentrations during enzymatic hydrolysis
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steam-pretreated sugarcane bagasse increased drastically—
by at least one order of magnitude—when its concentration
was increased from 10 to 20%, and such a high viscosity
hinders mass transfer in the stirred tank reactor. To over-
come this limitation and improve the economic perfor-
mance of the enzymatic biomass conversion, Geddes et al.
[7] suggested the blending of fresh acid-pretreated sugar-
cane bagasse (10% dry matter) with a slurry (10% dry
matter) previously subjected to partial hydrolysis with
cellulolytic enzymes. According to these authors, under
specific conditions, the viscosity of this mixture did not
increase significantly. The addition of chemical additives
to reduce the yield stress and viscosity of pretreated corn
stover slurries was evaluated by Knutsen and Liberatore
[11]. A preliminary economic analysis suggested that the
price of modifiers must be lower than $0.10 per kilogram to
justify their use in this application.

As expected, the apparent initial viscosity of the mixture
(t = 0) of 3.5 Pa s was very high. However, a sharp vis-
cosity decrease was observed as the hydrolytic reaction
progressed (Fig. 2). After 22 h, the viscosity of the
hydrolyzed biomass presented asymptotic behavior and
approached 0.007 Pa s. It was observed that the apparent
viscosity of the mixture decreased as the shear rate
increased. This behavior is characteristic of a pseudoplastic
or Herschel-Bulkley fluid and can be explained by changes
in the structure of long-chain molecules as the shear rate
increases. The fibers of bagasse tend to align parallel to
current lines, thereby reducing the flow resistance [25] and
generating behavior typical of a Newtonian fluid. The same
rheological behavior was reported by Pimenova and Han-
ley [18] for corn stover suspensions (5-30% dry matter).
However, when considering a constant 10% dry matter
concentration, the steam-pretreated sugarcane bagasse
slurries presented a very high apparent viscosity (2.6 Pa s
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Fig. 2 Apparent viscosities of the enzymatic hydrolysis mixture at
different shear rates
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at 100 s™") as compared to acid-pretreated corn stover
suspensions (0.02 Pa s at 100 s™'). This difference could
be related to the characteristics of the acid-pretreated
material and to the small particle size of the corn stover
fibers (125 pm). Viamajala et al. [24] attribute the con-
siderable reduction in viscosity of corn stover slurries after
acid pretreatment to the removal of hydrophilic compo-
nents of biomass such as xylan and pectin.

The sugarcane bagasse suspension presented pseudo-
plastic behavior in the region of intermediate shear rates
(100-800 sfl). This result is consistent with that of Stickel
et al. [21] for corn stover suspensions (15% dry matter) at
shear rates between 100 and 600 s~'. According to Steffe
[20], this region is the most significant when evaluating the
mixing performance of a reactor.

As shown in Fig. 3, fitted curves show that an increase
in rotation rate promotes a significant decrease in the
apparent viscosity of the hydrolyzed material. At a fixed
rotation rate, it was observed that the apparent viscosity
decreased with the progress of the enzymatic reaction.
These results show that the apparent viscosity of the mix-
ture is dependent on the shear rate and strongly dependent
on the hydrolysis time. This time-dependence of sugarcane
bagasse slurry viscosity is closely related to carbohydrate
hydrolysis and is consistent with rheological data obtained
from acid-pretreated sugarcane bagasse [7].

The above results indicate that the rotational speed of
the blender should be reduced continuously during the
hydrolysis of sugarcane bagasse, according to an empirical
exponential model. This control is important to minimize
energy consumption in this step of the process.

The curves plotted in Fig. 4 show the effect of biomass
conversion on the apparent viscosity of the mixture. It is
apparent that the viscosity behavior is similar at rotation
speeds within the range of 600—1,200 rpm. Within 8 h of
starting the reaction, 26% of the initial cellulose content
had hydrolyzed concomitant to an apparent viscosity
decrease of around 68%. These results compare well to
those reported by Geddes et al. [7], as the viscosity of acid-
pretreated fiber slurries was reduced by 99% after 6 h of
hydrolysis, corresponding to 17.6% of conversion.

Similarly to our data for sugarcane bagasse, Viamajala
et al. [24] reported pseudoplastic behavior for corn stover
biomass slurries. Nevertheless, the mechanism leading to
pseudoplasticity is unknown. It is generally advantageous
to have Newtonian fluid behavior for dilute slurries as the
separation of particles avoids the effects of mutual
interaction.

Table 1 shows the variation of Reynolds number as a
function of hydrolysis time at 600 rpm, which was the
velocity used in this study. The Reynolds number was
estimated for a 100-1 tank and a paddle diameter of 21 cm.
The scaled-up mixing reactor dimensions were calculated
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by geometric similarity. This analysis shows that at the
beginning of the hydrolysis reaction, the bulk mixture
presents a transition regime behavior. For a Reynolds
number below 10,000 (e.g., at 600 rpm), the turbulent
regime is reached after 30 h of hydrolysis. According to
Wu et al. [26], a decreased Reynolds number produces

Hydrolysis vields (%)

an increased chance for energy and mass transport
improvements.

Based on empirical correlations and experimental data
regarding the apparent viscosity of sugarcane bagasse, the
predicted power necessary to reach a homogeneous mix-
ture using a pitched blade (45°) at 600 rpm, at the
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Table 1 Evolution of Reynolds number as a function of reaction time

Hydrolysis time (h) Reynolds number Regime
0 144 Transition
2 190
4 253
6 336
8 445
10 591
12 785
14 1,042
16 1,383
18 1,835
20 2,436
22 3,234
24 4,292
26 5,697
28 7,562
30 10,037 Turbulent
32 13,323
34 17,684
36 23,472

beginning of the reaction, was ten times lower in com-
parison to the use of a Rushton turbine (Table 2). These
empirical models were based on dimensionless Reynolds
numbers and allowed for the power consumption of a
stirred reactor tank to be estimated [16]. This result is
consistent with previous reports in which the Rushton
turbine demands more power than other mixing paddles.
Biomass hydrolysis on an industrial scale is carried out at
low rotation speeds. In this case, the apparent viscosity of
the reaction slurry is high, and better performance may be
expected from a pitched-blade (45°) impeller.

In addition, Wu et al. [26] concluded, in his work about
the energy efficiency of axial flow impellers, that it is
possible to improve the efficiency of impellers operating in
a highly shear-thinning, viscous non-Newtonian fluid. As
such, it was possible to achieve increased velocities at a
given power input and tank diameter by optimizing
impeller geometrical parameters. However, Kuzmanic and
Ljubicic [12] showed that upon the increase of both the
impeller diameter and the blade angle, the value of
dimensionless mixing time decreased, concomitant, how-
ever, to the increase in power consumption. On the other
hand, by increasing the off-bottom impeller clearance, a
reduction of power consumption is commonly observed.

A Rushton turbine promotes a radial flow, which is
appropriate for a turbulent mixing regime and for high
power consumption, as shown in previous results
(Table 1). However, besides requiring less power for
mixing, the pitched blade (45°) produces an axial flow,
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Table 2 Power consumption, at 600 rpm, of the selected mixing
paddles

Hydrolysis Cellulose Power of mixing (W)-600 rpm
time (h) conversion (%) -
Pitched Rushton
blade (45°) turbine
0 0 446 4,512
2 12 408 2,988
4 16 375 2,026
6 21 344 1,408
8 26 315 1,003
10 28 288 731
12 31 261 546
14 32 235 418
16 33 209 327
18 34 184 263
20 36 160 216
22 40 138 182
24 39 118 157
26 40 100 139
28 40 84 125
30 45 70 115
32 45 58 107
34 45 49 101
36 45 41 97

which is usually required for the flow control of mixtures
containing suspended solids. Furthermore, as suggested by
Kuzmanic and Ljubicic [12], the use of an up-pumping
pitched blade impeller may be a viable option for the
maintenance of long processes with complete suspension of
floating solids.

In the continuation of this work, the pitched-blade (45°)
impeller will be tested for the enzymatic hydrolysis of
sugar cane bagasse pretreated by milling and steam
explosion with the aim of improving the hydrolysis yields.
The membrane process of separating the sugar syrups from
the lignin residue will also be studied.

Conclusions

The rheological behavior of the enzymatic hydrolysis
mixture of steam-treated sugarcane bagasse at 100 g (dry
weight)/l, using an enzyme load of 10 FPU/g of substrate,
was characteristic of a pseudoplastic fluid. A pitched-blade
(45°) paddle, when used to homogenize the sugarcane
bagasse suspension, showed an energy consumption that
was ten times lower than that for a Rushton turbine. After
36 h of enzymatic hydrolysis it was obtained sugar syrups
presenting 22 g/l of glucose, which corresponded to 45%
cellulose conversion.
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Knowledge of the degree of conversion and the rheo-
logical characteristics of the mixture facilitated the selec-
tion of a suitable agitator for a reactor to be used in the
enzymatic hydrolysis of sugarcane biomass.

Experimental data was fitted to an exponential model to
evaluate the time-dependence of substrate viscosity, and
this made it possible to predict the rotation speed at a given
Reynolds number. As such, the rotation speed can be
continuously reduced, using a process control tool, to
minimize energy consumption.

Acknowledgments This work was supported by research and
scholarship grants from the National Council for Scientific and
Technological Development (CNPq) of the Brazilian Ministry of
Science and Technology and by the Research and Projects Financing
Agency (FINEP). Usina Vale do Rosario is gratefully acknowledged
for supplying the steam-pretreated bagasse.

References

1. Bon EPS, Ferrara MA, Corvo ML, Vermelho AB, 317 Paiva
CLA, Alencastro RB,Coelho RR (2008) Enzimas em Biotecno-
logia: Produgdo, Aplicagdes e Mercado.Editora Interciéncia, Rio
de Janeiro, Brasil

2. Bon EPS, Gottschalk LMF, Eleutherio ECA, Ferrara MA,
Ferreira-Filho EX, Silva AS, Sposina RST, Webb C, Moreira
LRS, Pereira MD (2007) Composicdo de enzimas, uso da com-
posi¢do na hidrolise enzimatica de material lignoceluldsico,
processo de producdo de enzimas que degradam a fragdo de
polissacarideos da biomassa, processo de produgdo de alcool
utilizando a composi¢cdo de enzimas. Patent code PI0705744-
0A2, Brazil

3. Chang MM, Chou TYC, Tsao GT (1981) Structure, pretreatment
and hydrolysis of cellulose. Adv Biochem Eng Biotechnol
14:15-43. doi:10.1007/3-540-11018-6_2

4. Espinosa-solares T, Brito-de la fuente E, Tecante A, Medina-
torres L, Tanguy PA (2002) Mixing time in rheologically
evolving model fluids by hybrid dual mixing systems. Chem Eng
Res Des 80(8):817-823. doi:10.1205/026387602321143345

5. Ferreira-leitdo V, Gottschalk LMF, Ferrara MA, Nepomuceno
AL, Molinari HBC, Bon EPS (2010) Biomass residues in Brazil:
availability and potential uses. Waste Biomass Valor 1:65-76.
doi:10.1007/512649-010-9008-8

6. Fox RW, McDonald AT, Pritchard PJ (2006) Introdugdo a
Mecanica dos Fluidos, 6th edn. LTC, Rio de Janeiro

7. Geddes CC, Peterson JJ, Mullinnix MT, Svoronos, SA, Shanmugan
KT, Ingram LO (2010). Optimizing cellulase usage for improved
mixing and rheological properties of acid-pretreated sugarcane
bagasse. Bioresour Technol (in press). doi:10.1016/j.biortech.
2010.07.040

8. Ghose TK (1987) Measurement of cellulase activities. Pure Appl
Chem 59(2):257-268

9. Gottschalk LMF, Oliveira RA, Bon EPS (2010) Cellulases,
xylanases f-glucosidase and ferulic acid esterase produced by
Trichoderma and Aspergillus act synergistically in the hydrolysis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

of sugarcane bagasse. Biochem Eng J 51:72-78. doi:10.1016/
j-bej.2010.05.003

Green DW, Perry RH (2008) Perry’s chemical engineers’ hand-
book, 8th edn. McGraw-Hill, New York

Knutsen JS, Liberatore MW (2010) Rheology modification and
enzyme kinetics of high solids cellulosic slurries. Energy Fuels
24:3267-3274. doi:10.1021/ef100140g

Kuzmanic B, Ljubicic N (2001) Suspension of floating solids
with up-pumping pitched blade impellers mixing time and power
characteristics. Chem Eng J 84(3):325-333. doi:10.1016/S1385-
8947(00)00382-X

Larsson S, Palmqvist E, Hahn-higerdal B, Tengborg C, Stenberg
K, Zacchi G, Nilvebrant N-O (1999) The generation of fermen-
tation inhibitors during dilute acid hydrolysis of softwood.
Enz Microb Technol 24:151-159. doi:10.1016/S0141-0229(98)
00101-X

McCabe W, Smith J, Harriot P (2004) Unit operations of chem-
ical engineering, 7th edn. McGraw-Hill, New York

Miller GL (1959) Use of dinitrosalicylic acid reagent for deter-
mination of reducing sugars. Anal Chem 31:426-428

Nagata S (1975) Mixing: principles and applications. Kodansha
Ltd and Wiley, Tokyo and New York

Oldshue JY (1983) Fluid mixing technology, 1st edn. McGraw-
Hill, New York

Pimenova NV, Hanley TR (2004) Effect of corn stover concen-
tration on rheological characteristics. Appl Biochem Biotechnol
114 (1-3):113-116. doi: 10.1385/ABAB:114:1-3:347

Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D,
Crocker D (2008) Determination of structural carbohydrates and
lignin in biomass. Laboratory Analytical Procedure (LAP).
NREL/TP-510-42618. National Renewable Energy Laboratory,
Golden

Steffe JF (1996) Rheological methods in food process engineer-
ing, 2nd edn. Freeman Press, East Lansing

Stickel JJ, Knutsen JS, Liberatore MW, Luu W, Bousfield DW,
Klingenberg DJ, Scott CT, Root TW, Ehrhardt MR, Monz TO
(2009) Rheology measurements of a biomass slurry: an inter-
laboratory study. Rheol Acta 48:1005-1015. doi:10.1007/s00397-
009-0382-8

Teixeira RSS, Siqueira FG, Souza MV, Filho EXF, Bon EPS
(2010) Purification and characterization studies of a thermostable
p-xylanase from Aspergillus awamori. J Ind Microbiol Biotech-
nol (in press). doi: 10.1007/s10295-010-0751-4

Uhl VW, Gray JB (1966) Mixing: theory and practice. Academic
Press, London

Viamajala S, McMillan JD, Schell DJ, Elander RT (2009) Rhe-
ology of corn stover slurries at high solids concentrations—
effects of saccharification and particle size. Bioresour Technol
100(2):925-934. doi:10.1016/j.biortech.2008.06.070

Vidal JRMB, Gasparetto CA (2000) Rheological behavior of
mango pulp (Mangifera indica 1)—effect of insoluble solids.
Ciénc Tecnol Aliment 20(2):172-175. doi:10.1590/S0101-
20612000000200008

Wu J, Graham LJ, Nguyen B, Noui Mehidi MN (2006) Energy
efficiency study on axial flow impellers. Chem Eng Process
45(8):625-632. doi:10.1016/j.cep.2006.01.007

Wyman CE (1994) Ethanol from lignocellulosic biomass: tech-
nology, economics, and opportunities. Bioresour Technol 50(1):
3-15. doi:10.1016/0960-8524(94)90214-3

@ Springer


http://dx.doi.org/10.1007/3-540-11018-6_2
http://dx.doi.org/10.1205/026387602321143345
http://dx.doi.org/10.1007/s12649-010-9008-8
http://dx.doi.org/10.1016/j.biortech.2010.07.040
http://dx.doi.org/10.1016/j.biortech.2010.07.040
http://dx.doi.org/10.1016/j.bej.2010.05.003
http://dx.doi.org/10.1016/j.bej.2010.05.003
http://dx.doi.org/10.1021/ef100140g
http://dx.doi.org/10.1016/S1385-8947(00)00382-X
http://dx.doi.org/10.1016/S1385-8947(00)00382-X
http://dx.doi.org/10.1016/S0141-0229(98)00101-X
http://dx.doi.org/10.1016/S0141-0229(98)00101-X
http://dx.doi.org/10.1385/ABAB:114:1-3:347
http://dx.doi.org/10.1007/s00397-009-0382-8
http://dx.doi.org/10.1007/s00397-009-0382-8
http://dx.doi.org/10.1007/s10295-010-0751-4
http://dx.doi.org/10.1016/j.biortech.2008.06.070
http://dx.doi.org/10.1590/S0101-20612000000200008
http://dx.doi.org/10.1590/S0101-20612000000200008
http://dx.doi.org/10.1016/j.cep.2006.01.007
http://dx.doi.org/10.1016/0960-8524(94)90214-3

	Sugarcane bagasse enzymatic hydrolysis: rheological data as criteria for impeller selection
	Abstract
	Introduction
	Materials and methods
	Pretreated sugarcane bagasse
	Sourcing of enzymes
	Enzymatic hydrolysis of pretreated sugarcane bagasse
	Tank and impeller geometries
	Rheological assays
	Density assays
	Dimensionless equations

	Results
	Pretreated sugarcane bagasse characterization
	Hydrolysis kinetic data
	Rheology data

	Conclusions
	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


