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Feedsstock particle size can influe
ence the ligno
ocellulosic con
nversion yields
s and the eneergy costs of second
s
generration ethanol production. In
I this work tthe influence of bagasse particle
p
size oon pretreatment and
enzym
matic hydrolyssis was evaluated. Bagassse was ground
d using a knife mill equippped with scre
eens to
obtain
n particles of 0.5, 1.0 and 2.0 mm (sievve opening). Unmilled and milled sampples were prettreated
using dilute sulfuricc acid in diffe
erent condition
ns of tempera
ature and time
e. The pretreaated bagasses
s were
subjecct to enzymattic hydrolysis for
f 72 hours. The pretreatm
ment yield was determined from the mas
ss loss
during
g pretreatmen
nt for each ass
say and samp
ple. The chem
mical compositions of untreaated and prettreated
bagassse were used to evaluate
e hemicellulosse solubilizatio
on in pretreatment; and hyydrolysis conv
version
was m
measured to assess
a
the efffect of particle
e size enzyma
atic saccharific
cation. The higgher mass los
ss and
hemiccellulose solubilization (39 and 87 %, respectively) occurred for the more seevere conditio
ons of
pretre
eatment, 140 °C
° for 30 min. However, the
ere was no sta
atistically signifficant differen ce (p=0.05) of mass
loss ffor the samples with diffe
erent particle sizes. In enz
zymatic hydro
olysis, the higgher percenta
age of
hydrolyzed mass was
w also for the
e pretreatmen
nt at 140 °C fo
or 30 min (58-6
60), which wass obtained >9
90 % of
the su
ugars converssion. There wa
as no significa
ant difference (p=0.05) for hydrolyzed
h
maass of sample
es with
differe
ent particle sizzes.

1. Inttroduction
In reccent decades, the interest in the searcch for alternative energy sources
s
to fosssil fuel has grown
consid
derably (Dias et al. 2012). The
T increasing
g energy dema
and results in a significant inncrease in fue
el price
(Lu ett al. 2009), in addition to co
ontributing to the greenhou
use gas emiss
sions from derrived-oil comb
bustion
(Qi ett al. 2010,). Liignocellulosic biomass is a potential feed
dstock for sus
stainable and economically viable
production of bioeth
hanol, due to its abundance
e and availability (Mood et al, 2013).
dustry in Bra
azil has greatt importance in the econo
omic context due to its efficient
e
The ssugarcane ind
production of first generation
g
eth
hanol and sug ar (Palacios-B
Bereche et al. 2013), providding, as a byp
product
e process, larg
ge amounts of lignocellulossic biomass (D
Dias et al. 201
13). Sugarcanne bagasse (S
SB), as
of the
well a
as other lign
nocellulosic materials,
m
is composed mainly
m
of cellulose, hemiccellulose and lignin
(Taka
ahashi et al. 20
014). Cellulose is a homopo
olymer compo
osed of glucos
se units linkedd by hydrogen bonds
to form
m a crystalline structure off microfibrils. Hemicellulose
e is a polymer formed mainnly by the pentoses
xylose
e and arabino
ose. Lignin acts
a
as a nattural barrier to
t protect the
e cellulose annd hemicellulose of
biolog
gical degrada
ation. The polymerized
p
sugars can be hydrolyzed by enzzymes to prroduce
monosaccharides such
s
as gluco
ose and xylose
e, which are subsequently fermented byy microorganis
sms to
produce ethanol. However,
H
the complex
c
struccture makes th
he enzymatic access in nattive material difficult
d
amin et al. 201
13).
(Benja
Due tto the comple
exity of plant structure, a pretreatment of the lignoc
cellulosic mate
terial is essen
ntial to
improve the saccha
arification of polysaccharide
p
es in fermenta
able sugars. The aim is to fa
facilitate the enzyme
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access to cell wall carbohydrates, though without degradation of sugars and consequent formation of
fermentation inhibitors compounds (Harrison et al. 2013).
Currently, the most studied pretreatments are the physical and chemical (or both). Physical pretreatments
include different mills (particle size reduction) and irradiation. Chemicals pretreatments include acid,
alkaline, solvent, supercritical fluid and oxidative pretreatments (Khullar et al. 2013). Physico-chemical
pretreatments include steam explosion, ammonia fiber expansion (AFEX) and hot water (Mood et al.
2013).
Diluted acid is one of the more mature pretreatment methods (Chheda et al. 2007). When associated with
moderate temperatures, it is effective in solubilization of hemicelluloses and recovery of sugars in the
hydrolysate. Part of the cellulose may be converted into oligomers and monomers during the pretreatment,
which may be advantageous as they are easily fermented by yeasts (Manzoor et al. 2012).
Particle size reduction is the first step to biomass conversion (Khullar et al., 2013). The increase of
substrate surface area by size reduction facilitates the heat and mass transfer and enzyme accessibility,
which could improve the efficiency of pretreatment and enzymatic hydrolysis (ZHU et al. 2009).
Vidal el al. (2011) reports that physical pretreatments alone resulted in efficiencies <50 % compared to
chemical pretreatments that lead to >70 % conversion efficiencies. In addition, they show the influence of
particle size depends on the pretreatment that will be used in the process. Therefore, optimizing biomass
particle size is crucial to achieving high sugar conversion and low production cost (Zhu et al. 2009).
The objective of this study was to evaluate the effect of bagasse particle sizes in the dilute acid
pretreatment and enzymatic hydrolysis. The effects of particle sizes on mass solubilization in different
conditions of pretreatment and enzymatic hydrolysis were investigated.

2. Materials and methods
2.1 Raw material
Sugarcane bagasse, from a single harvest, donated by a sugar mill (Usina Tarumã do Grupo Raízen,
Tarumã, São Paulo, Brazil), was used. The material was dried at room temperature and stored in plastic
bags. A portion of bagasse was milled in different particle sizes (0.5, 1.0 and 2.0 mm) obtained by a knife
mill equipped with a sieve (Fritsch - Pulverisette 19).
2.2 Pretreatment
Pretreatment was performed in laboratory scale stainless steel cylindrical reactors with a total volume of
500 mL. Bagasse samples (30 g of DM) were pretreated with 1 % (w/v) sulfuric acid at fixed solid-to-liquid
ratio (1:5). The assays were performed at 120 °C for 20, 40, 60 min and 140 °C for 10, 20, 30 min. A
glycerin bath was used to maintain the temperature. Initial time (t=0) was fixed as the time the desired
temperature inside the reactor was reached. After the target pretreatment time was attained, the reactor
was taken out from the glycerin bath and submerged into a water bath to cooling.
The wet pretreated material was squeezed to separate the liquid and solid fractions. The solid fraction was
exhaustively washed with water and weighed subsequently. A portion of pretreated bagasse was used to
chemical composition analysis and the rest of material was used to enzymatic hydrolysis.
2.3 Analysis of chemical composition
Untreated and pretreated bagasse were analyzed regarding chemical composition. Extractives content
was analized according to Sluiter et al. (2005a) and ash content was analyzed according to Sluiter et al.
(2005b). Structural carbohydrates and lignin were analyzed according to Sluiter et al. (2008) and adapted
by Gouveia et al. (2009).
Sugars, acetic acid, HMF and furfural were analyzed by HPLC (Agilent Technologies). Cellobiose,
glucose, xylose, arabinose and acetic acid were separated on an Aminex HPX-87H column (Bio-Rad
Laboratories Inc., Hercules, CA, USA) at 35 °C and 0.05 mM H2SO4 as eluent at a flow rate of 0.6 mL/min
using a refractive index (RI) detector. HMF and furfural were separated on Nova-Pak C18 column (Waters
Co., Milford, MA) at 30 °C and a solution composed of a 1 % acetic acid-containing 1:8 acetonitrile-water
at flow rate of 0.8 mL/min was used as eluent.
2.4 Enzymatic hydrolysis
Enzymatic hydrolysis of the pretreated bagasse was performed in erlenmeyers with a substrate content of
10 % (DM) and sodium citrate buffer 0.05 mol/L at pH 4.8. The erlenmeyers were incubated in an orbital
shaker MA-832 (Marconi, Piracicaba, SP, Brazil) agitated at 150 rpm at 50 °C for 72 h.
Cellulase (Celluclast 1.5 L (80 FPU/g)) and β-glucosidase (Novozym 188 (616 CBU/g)) were used. The
enzyme loadings used were 15 FPU/g bagasse of cellulose and 25 CBU/g bagasse of β-glucosidase.
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The hydrolyzed sugars were determined by HPLC on an Aminex HPX-87H column (Bio-Rad Laboratories
Inc., Hercules, CA, USA) at 35 °C and 0.05 mM H2SO4 as eluent at a flow rate of 0.6 mL/min using a
refractive index (RI) detector.

3. Results and discussion
3.1 Chemical composition of untreated bagasse
The chemical compositions of untreated bagasse in different particle sizes are presented in Table 1.
Table 1: Chemical compositions of untreated bagasse in different particle sizes
Sample
Unmilled
<0,5 mm
<1,0 mm
<2,0 mm

Cellulose (%)
40.35 ± 0.21
38.12 ± 0.11
40.02 ± 0.11
39.63 ± 0.08

Hemicellulose (%)
28.12 ± 0.00
26.93 ± 0.26
27.76 ± 0.07
27.90 ± 0.09

Lignin (%)
25.79 ± 0.26
26.70 ± 0.15
25.66 ± 0.35
26.44 ± 0.19

Ash (%)
2.35 ± 0.18
4.10 ± 0.22
2.37 ± 0.12
2.54 ± 0.48

Extractives (%)
2.98 ± 0.11
4.12 ± 0.04
3.67 ± 0.01
3.30 ± 0.01

From Table 1 it can be seen that bagasse with smaller particles (<0.5 mm) presents a slightly lower
cellulose percentage.
3.2 Effect of particle size on pretreatment
Pretreatment assays in different conditions of time and temperature are presented in Table 2.
Table 2: Pretreatment assays
Assay
1
2
3
4
5
6
7
8

Temperature (°C) Time (min)
120
0
120
20
120
40
120
60
140
0
140
10
140
20
140
30

Solubilized mass (%)

Time zero was defined as the time necessary for the inside of the reactor to reach the desired
temperature.
Figure 1 shows the solubilized mass (% DM) in the different samples during the pretreatment.

45
40
35
30
25
20
15
10
5
0

Unmilled bagasse

< 2.0 mm

< 1.0 mm

< 0.5 mm

120 °C, 0 120 °C, 20 120 °C, 40 120 °C, 60 140 °C, 0 140 °C, 10 140 °C, 20 140 °C, 30
min
min
min
min
min
min
min
min

Assays
Figure 1: Solubilized mass (% DM) of bagasse samples with different particle sizes.
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It can be noted from Figure 1 that the solubilized mass was in the range from 17 to 39 %. It is observed in
all assays that bagasse with smaller particles (<0.5 mm) presents a slightly higher solubilization compared
to the other particle sizes. Tukey HSD test was performed to evaluate if the difference between the
samples was statistically significant. The software used was STATISTICA 7.0 and the results at 95 % of
confidence showed that the difference among solubilized mass (%) for the samples with different particle
sizes submitted to the same pretreatment conditions was not significant.
Chung et al. (2012) reports that mass loss in dilute acid pretreatment is due the hemicellulose
solubilization present in the biomass. Figure 2 shows the hemicellulose solubilization (% DM) in the
pretreatment.

Hemicellulose solubilization (%)

100

Unmilled bagasse

< 2.0 mm

< 1.0 mm

< 0.5 mm

90
80
70
60
50
40
30
20
10
0
120 °C, 0 120 °C, 20 120 °C, 40 120 °C, 60 140 °C, 0 140 °C, 10 140 °C, 20 140 °C, 30
min
min
min
min
min
min
min
min

Assays

Figure 2: Solubilized hemicellulose (% DM) in the pretreatment.

Figure 2 shows that the range of solubilized hemicellulose was from 30 to 87 %. The higher solubilization
(87 % of hemicellulose) occurred in the more severe condition, 140 °C for 30 min. As expected, the lower
solubilization occurred in the less severe assay (120 °C, 0 min), and varied from 30 to 33 % between
different samples.
It can also be noticed from Figure 2 that the assays at 120 °C, 60 min had hemicellulose solubilizations
similar to the assays at 140 °C, 10 min (72-74 %). Thus, the pretreatment was influenced by temperature,
since the reaction at 140 °C solubilized more quickly the same amount of hemicellulose when compared to
the assay performed at 120 °C.
Regarding particle size it was observed that the different sizes did not influence solubilization, since the
amount of solubilized hemicellulose in the samples with different particle sizes submitted to the same
pretreatment conditions was statistically equal (p=0.05).
Kim and Lee (2002) proposed a model to evaluate the intraparticle diffusion of sulfuric acid in different
feedstocks and the effect on dilute sulfuric acid pretreatment. Vidal et al. (2011) used this model to
calculate the theoretical critical particle size (the size above which diffusion becomes important in the
pretreatment process) for different feedstocks (corn stover, bagasse, hardwood, wheat straw) pretreated
with dilute sulfuric acid (0.5 % w/w) at 180 °C. The values were in the range of 1.0 to 3.0 mm (sieve
opening) suggesting that smaller particle sizes do not increase the pretreatment efficiency. The results of
the present work, indicates that for the pretreatment conditions considered, even unmilled bagasse leads
to similar pretreatment performance.
3.3 Effect of particle size on enzymatic hydrolysis
Figure 3 shows the hydrolyzed mass of untreated and pretreated samples. It can be noted clearly the
difference of solubilization in the untreated samples (13-18 %) compared to pretreated samples (33-60 %),
evidencing the increase of enzymatic hydrolysis efficiency after pretreatment. The higher mass loss (58-60
%) occurred in the samples pretreated at 140 °C for 30 min (assay 8), in which the higher hemicellulose
solubilization in pretreatment was also observed (Figure 2).
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Regarding particle size, a solubilization about 5 % higher occurred for the milled samples compared to
unmilled bagasse; however, a Tukey HSD test showed no significant difference among samples (p=0.05),
indicating no influence of particle size on enzymatic hydrolysis, the same behavior observed in
pretreatment.
Hsu et al. (1996) observed an increase in the digestibility of switchgrass from 60 to 80 % when the particle
size decreased from 10 to 3.0 mm. However, no difference was observed when pretreated materials of
different particle sizes were homogenized and subjected to enzymatic hydrolysis, indicating that particle
size has no influence on the performance of pretreatment. Khullar et al. (2013) did not observe difference
in the glucose release rate of enzymatic hydrolysis of Miscanthus with particles of 0.08 and 2 mm (sieve
opening) pretreated with diluted acid.

Unmilled bagasse

< 2.0 mm

< 1.0 mm

< 0.5 mm

Hydrolyzed mass (%)

70
60
50
40
30
20
10
0

Untreat.

120 °C, 0 120 °C, 20 120 °C, 40 120 °C, 60 140 °C, 0 140 °C, 10 140 °C, 20 140 °C, 30
min
min
min
min
min
min
min
min

Assays
Figure 3: Hydrolyzed mass (% DM) of pretreated samples.
The chemical composition and the hydrolyzed mass of the samples pretreated at 140 °C for 30 min (assay
8) are shown in Table 3.
Table 3: Chemical composition and hydrolyzed mass of pretreated bagasse samples at 140 °C for 30 min
Sample
Unmilled
<0,5 mm
<1,0 mm
<2,0 mm

Cellulose (%)
54.84 ± 0.22
55.60 ± 0.57
55.20 ± 0.16
56.04 ± 0.27

Hemicellulose (%)
6.16 ± 0.05
6.09 ± 0.01
5.94 ± 0.02
6.15 ± 0.11

Lignin (%)
33.71 ± 0.42
34.38 ± 0.42
33.50 ± 1.01
33.65 ± 0.35

Ash (%)
5.36 ± 0.08
4.83 ± 0.13
4,19 ± 0.05
3.64 ± 0.01

Hydrolyzed mass (%)
58.55 ± 0.10
57.89 ± 0.31
57.88 ± 0.61
60.06 ± 0.20

Considering the percentages of the sugars in the pretreated materials and the percentage of hydrolyzed
mass it seems that high hydrolysis conversions were attained (>90 %), since the percentage of hydrolyzed
mass is higher than the percentage of cellulose in the pretreated materials. The commercial enzyme
Celluclast contains high activity of acetil xilan esterases (Juhász et al. 2005), thus hemicelluloses are also
hydrolyzed.

4. Conclusions
No difference was observed among samples with different particle sizes in the pre-treatment
enzymatic hydrolysis, indicating that the range of particle sizes studied did not influence these steps.
pre-treatment at 140 °C removed most of the hemicelluloses in reaction times shorter than
pretreatment at 120 °C. The higher percentage of solubilized mass in the pretreatment (38-39 %)
enzymatic hydrolysis (58-60 %) occurred at 140 °C, 30 min.

and
The
the
and

414

References
Benjamin Y., Cheng H., Görgens., J.F., 2013, Evaluation of bagasse from different varieties of sugarcane
by diluteacid pretreatment and enzymatic hydrolysis, Ind. Crop. Prod., 51, 7-18.
Chheda J. N., Román-Leshkov Y., Dumesic J. A., 2007, Production of 5-hydroxymethylfurfural and furfural
by dehydration of biomass-derived mono- and poly-saccharides, Green Chem. 9, 342–350.
Chung B.Y., Lee J.T., Bai H.W., Kim U.J., Bae H.J., Wi S.G., Cho J.Y., 2012, Enhanced enzymatic
hydrolysis of poplar bark by combined use of gamma ray and dilute acid for bioethanol production,
Radiat. Phys. Chem., 81, 1003-1007.
Dias M.O.S., Junqueira T.L., Jesus C.D.F., Rossell C.E.V., Maciel-Filho R., Bonomi A., 2012, Improving
second generation ethanol production through optimization of first generation production process from
sugarcane, Energy, 43, 246-252.
Dias M.O.S., Junqueira T., Cavalett O., Pavanello L.G. Cunha M.P., Jesus C.D.F., Maciel-Filho R.,
Bonomi A., 2013, Biorefineries for the production of first and second generation ethanol and electricity
from sugarcane, Applied Energy., 109, 72-79.
Gouveia E.R., Nascimento R.T., Souto-Maior A.M., Rocha G.J.M., 2009, Validation of methodology for
chemical characterization of sugarcane bagasse (Validação de metodologia para a caracterização
química do bagaço de cana-de-açúcar), Quim. Nova, 6, 1500-1504.
Harrison M.D., Zhang Z., Shand K., O’Hara I.M., Doherty W.O.S., Dale J.L., 2013, Effect of pretreatment
on saccharification of sugar cane bagasse by complex and simple enzyme mixtures, Bioresour.
Technol. 148, 105-113.
Hsu T.A., Himmel M., Schell D., Farmer J., Berggren M., 1996, Design and initial operation of a highsolids, pilot-scale reactor for dilute-acid pretreatment of lignocellulosic biomass, Appl. Biochem.
Biotechnol, 57, 3-18.
Juahàsz T., Szenguel Z., Réczey K., 2005, Characterization of celulases and hemicellulases profuced by
Trichoderma reesei on various carbon sources, Process Biochem., 40, 3519-3525.
Khullara E., Dienb B.S., Rauscha K.D., Tumblesona M.E., Singha V., 2013, Effect of particle size on
enzymatic hydrolysis of pretreated Miscanthus, Ind. Crop. Prod., 44, 11-17.
Kim S.B., Lee Y.Y., 2002, Diffusion of sulfuric acid within lignocellulosic biomass particles and its impact
on dilute-acid pretreatment, Bioresour. Technol., 83, 165-171.
Lu X., Zhang Y., Angelidaki I., 2009, Optimization of H2SO4-catalyzed hydrothermal pretreatment of
rapeseed straw for bioconversion to ethanol: Focusing on pretreatment at high solids content,
Bioresour. Technol., 100, 3048-3053.
Manzoor A., Khokhar Z.U., Hussain A., Uzma, Ahmad S.A., Syed Q.A., Baig S., 2012, Dilute sulfuric acid:
a cheap acid for optimization of bagasse pretreatment, Sci. Int. (Lahore), 24, 41-45.
Mood S.H., Golfeshan A.H., Tabatabaei M., Jouzani G.S., Najafi G.H., Gholami M., Ardjmand M., 2013,
Lignocellulosic biomass to bioethanol,a comprehensive review with a focus on pretreatment, Renew.
Sust. Energ. Rev., 27, 77-93.
Palacios-Bereche R., Mosqueira-Salazar K.J., Modesto M. Ensinas A.V., Nebra S.A., Serra L.M., Lozano
M.A., 2013, Exergetic analysis of the integrated first- and second-generation ethanol production from
sugarcane, Energy, 62, 46-61.
Qi B., Chen X., Wana Y., 2010, Pretreatment of wheat straw by nonionic surfactant-assisted dilute acid for
enhancing enzymatic hydrolysis and ethanol production, Bioresour. Technol., 101, 4875-4883.
Sluiter A., Hames B., Ruiz R., Scarlata C., Sluiter J., Templeton D., 2005a, Determination of Extractives in
Biomass, National Renewable Energy Laboratory (NREL), Golden, Colorado, USA.
Sluiter A., Hames B., Ruiz R., Scarlata C., Sluiter J., Templeton D., 2005b, Determination of Ash in
Biomass. National Renewable Energy Laboratory (NREL), Golden, Colorado, USA.
Sluiter A., Hames B., Ruiz R., Scarlata C., Sluiter J., Templeton D., Crocker D., 2008, Determination of
structural carbohydrates and lignin in biomass. National Renewable Energy Laboratory (NREL),
Golden, Colorado, USA.
Takahashi T., Sato Y., Ito K., Mori H., 2014, Effect of agitation speed on enzymatic saccharification of drypulverized lignocellulosic biomass, Renew. Energ., 62, 754-760.
Vidal-Jr B.C., Dien B.S., Ting K.C., Singh V., 2011, Influence of feedstock particle size on lignocellulose
conversion - a review, Appl. Biochem. Biotechnol., 164, 1405-1421.
Zhu J.Y., Wangb G.S., Panc X.J., Gleisnera R., 2009, Specific surface to evaluate the efficiencies of
milling and pretreatment of wood for enzymatic saccharification, Chem. Eng. Sci., 64, 474-485.

