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Ethanol Production From Juice And Bagasse For
Five Sweet Sorghum Cultivars During Soft Dough
Grain

ABSTRACT

this study we aimed to identify how the harvest period of the stems from 5 sweet sorghum cultivars
influences the production of sugar and ethanol under rainfed conditions in the municipality of ltambé,
state of Pernambuco. Subsequently we evaluated the ethanol production from juice and bagasse of
the different cultivars. The field experiment was evaluated in a factorial arrangement with two factors
(5 cultivars and 3 harvest periods) and fours replications. The fermentation experiments, pretreatment
and enzymatic hydrolysis were delineated in a completely randomized design in quadruplicate. Data
obtained for all variables evaluated were submitted to an Analysis of Variance and the means
compared by the Tukey test at 5% of probability. Results showed that the harvest period influenced
the total soluble solids, and the harvest period of soft dough was chosen for assessments of ethanol
production of first and second generation. Ethanol production from juice differed among cultivars with
the best performance by cultivar SF 15. Significant differences were observed for the chemical
composition of bagasses between cultivars, but there where no difference in efficiencies of enzymatic
hydrolysis. The average conversion of cellulose in glucose was 64.87%. The cultivars of sweet
sorghum biomass developed and adapted for the Northeastern region of Brazil showed potential for
ethanol production from the juice and bagasse.

Keywords: Bioenergy, Energy crops, Biofuels, Forest Zone of Pernambuco.

INTRODUCTION

In order to mitigate the environmental effects of fossil fuel use in the transportation sector, initiatives
for inclusion of biofuels in the energy matrix, especially ethanol, are increasing worldwide. About 100
billion liters of ethanol are currently produced in the world, and the major producers are the U.S. and
Brazil [1]. Ethanol can be produced from different types of biomass, especially sweet crops
(sugarcane and sugar beet) and starch (corn and wheat). In addition, research efforts have been
focused to enable ethanol production from lignocellulosic biomass [2].

To increase ethanol production, energy crops evaluated in past decades have attracted the interest
of researchers in various countries like USA [3], India [4] China [5] and Brazil [6]. Among energy
crops, sweet sorghum has gained prominence for ethanol production, as it presents the possibility of
full utilization of biomass usually containing 37% juice, 8% grain, 36% bagasse and 19% leaves [7].

Sorghum main use is as fodder, but it can also be used for the production of energy, supplementing
animal feed and fiber production [8]. Its main features are the efficient use of water and good
development in different climate and soil conditions [9]. It is a crop widely cultivated due to its
potential to produce ethanol, and several studies have shown its potential as a source of biomass with
lower water requirements [10,11]. It is a grassy crop with C4 photosynthetic cycle cultivated in several
countries, with high efficiency in the conversion of CO, into sugars via photosynthesis [12]. It is
originated in Africa, being the fifth cereal most cultivated in the world.

Its productivity is highly variable and depends on growing and environmental conditions, but
generally sweet sorghum yields 2.36 Mg ha” of grain and 42.15 Mg ha” of stalk [13], and the juice
present in stalk, rich in sucrose, glucose and fructose, is the part of greatest interest for the production



of first-generation ethanol [14]. The production of ethanol from the fermentation of sorghum juice is
approximately 3451 L ha™ [15], but can vary widely depending on the cultivation region and cultivar
used [16].

Much of the information about the use of sweet sorghum biomass for ethanol production concerns
cultivars developed in countries like USA, China and India. In Brazil, despite efforts by the Empresa
Brasileira de Pesquisa Agropecuaria (EMBRAPA) and the Agronomic Institute of Pernambuco (IPA),
there are few cultivars developed for different climatic and soil conditions and lack of information
about actual ethanol production for each cultivar. Previous study [17] demonstrated the potential of
some sweet sorghum cultivars harvested at maturation stage in Pernambuco with theoretical values
of ethanol per hactare between 681 and 3142 L from the juice fraction. In this context, the aim of this
work was to assess the best harvest stage of stalks and subsequent ethanol production from stalk
juice and bagasse using different cultivars with production history in Northeastern Brazil.

MATERIAL AND METHODS
Field experiment

A field experiment was conducted in 2011 at the experimental station of the Agronomic
Institute of Pernambuco (07 ° 24 'S and 35 ° 06" W), municipality of Iltambé, Zona da Mata, northern
state of Pernambuco, Brazil, to evaluate the agronomic performance of IPA 467, SF 11, BR 506, SF
15 and IPA 2502 cultivars. The area has annual average rainfall of 1200 mm and mean annual
temperature of 25°C. The soil in the experimental area was characterized as clayey-sandy loam,
containing 577, 102, 321 g.kg'1 of sand, silt and clay, respectively. Approximately 30 days from
planting, 1.5 Mg ha” of lime was applied. Fertilization was also performed by applying 777 kg ha” of
N (Urea), P (single superphosphate) and K (Potassium Chloride) 90-90-60 formulation. One month
after planting, top-dressing fertilization was also performed by applying 60 kg N ha” in the form of
urea.

Stalk harvest was carried out at three stages of plant development, boot stage (HS1), soft
dough grain (HS2) and hard dough grain or maturation (HS3). Ten plants were cut close to the ground
and had leaves and panicles removed in order to perform juice extraction from clean stalk in
sugarcane milling system, and each sample was passed three times in rolls. Identifying the best
harvest time allowed determining ethanol production at optimum stage.

Characterization of juices from cultivars

After extraction and filtration, juices were characterized for the levels of total soluble solids
(TSS) °Brix using portable refractometer Instruterm model RT-30ATC with scale from 0 to 32 °Brix,
and total sugar concentration (TS) determined by the sum of sucrose, glucose and fructose contents
by high performance liquid chromatography (HPLC). Juices were also quantified for nitrogen levels
(FAN-free amino nitrogen) using the ninhydrin method and for nutrients after digestion with sulfuric
acid and hydrogen peroxide [18]. Total P (spectrophotometry) and K (flame photometry) were also
determined in extracts generated.

Characterization of bagasses from cultivars

The characterization of bagasse samples originated from the juice extraction step was
performed according to methodology of [19] to quantify NDF, ADF, carbohydrates (cellulose and
hemicellulose) and lignin acid detergent. Moisture was determined using infrared analytical balance
and ash by gravimetric method after calcination in muffle furnace at 600°C for 2 h.

Fermentation of juices

Fermentations were carried out in simple batch system in Erlenmeyer flasks with total volume
of 250 mL under controlled temperature of 33°C in static condition for a period of 6 h. All assays were
conducted in quadruplicate and arranged in a completely randomized design. Flasks were added of
100 ml of sterilized sorghum juice and inoculated with 10% (w/v) inoculum of Saccharomyces
cerevisiae JP-1 yeast, previously grown in YPD medium (20 g L™ glucose, 10 g L™ peptone and 10 g
L’ yeast extract). In inoculums, cell viability and initial cell concentration were determined by counting
method after staining with methylene blue in Neubauer chamber. In juice fermentation assays,
aliquots were collected at time 0 h and 6 h to determine sugar consumption and fermentation
products such as ethanol and glycerol. The kinetic parameters calculated at the end of fermentation
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were: sugar consumption (Ac), ethanol volumetric yield (Qp) and sugar conversion yield (sucrose,
glucose and fructose) into ethanol (Y), according to equations 1 and 2.

Lh1) :f (1)

Where: Q,: volumetric yield; P: ethanol production; T: fermentation time; Y. ethanol yield per sugar
consumed; and Ac: sugar consumption.

Pretreatment and enzymatic hydrolysis of sorghum bagasses

Pretreatment was conducted in Erlenmeyer flasks with total volume of 250 mL where
sorghum bagasse was added at a ratio of 4% total solids solid-liquid with hydrogen peroxide solution
at concentration of 7.5% w/v in 100 mL of water. pH adjustment was carried out with 5M NaOH up to
the value of 11.5. Flasks were incubated in orbital shaker table at 150 rpm and 25°C for 1 h.

Upon completion of the reaction, the two fractions derived from pretreatment were separated
into liquid and solid fraction by filtration and this step allowed quantifying the mass loss in the reaction
(Equation 3). The solid fraction was washed with 1.5 L of distilled water in order to remove water-
soluble solids. The solid fraction previously washed and dried in oven with air circulation at 45°C was
submitted to enzymatic hydrolysis using commercial enzyme FibreZymeTM LDI (11.563
FPU/mL;788.94 + 63.04 U/mL xylanase; 10 CBU/mL B-glucosidase; 5.9 + 0.34 U/mL avicelase and
174.97 + 6.72 U/mL CMCase) at dose of 10 FPU g™ of dry biomass without supplementation with B-
glycosidases. The hydrolysis conditions were: total load of solids of 20 gL'1, pH 4.8, stirring at100 rpm,
50°C and time of 48 h. After 48 hours, aliquots were collected for the determination of glucose
released using glucose oxidase enzyme KIT and total reducing sugars [20]. The cellulase activity was
quantified in filter paper units according to methodology proposed by [21]. The B-glucosidase activity
was determined based on cellobiose solution and expressed in units per mL according to [22]. The
xylanase, CMCase and avicelase activities were also quantified. The enzymatic hydrolysis efficiency
was expressed according to Equation 4[23].

Where PM: weight loss; Mi: initial bagasse mass; Mf: final bagasse mass.

Where EH: enzymatic hydrolysis efficiency; C1: glucose concentration in the hydrolysate; M: mass of
dry bagasse; W: cellulose content in pretreated bagasse; and 1.11 conversion factor of cellulose into
glucose.

Fermentation of hydrolysates

After enzymatic hydrolysis of the different types of bagasse, hydrolysates were submitted to
fermentation with Dekkera bruxellensis GDB 248. Fermentation assays were performed in batch in
125 mL Erlenmeyer flasks added of 100 ml of hydrolysate with 2% w/v of D. bruxellensis cells
previously grown in YPD for 24 h. The flasks were incubated at 32°C in static condition and 1 ml
samples were collected at baseline and after 7 h. After centrifugation, the supernatant was filtered at
0.22 ym and used for analysis of fermentation metabolites by HPLC under the conditions described
above. The kinetic parameters calculated at the end of fermentation were: ethanol volumetric yield
(Qp) and sugar conversion yield (glucose and cellobiose) into ethanol, according to Equations 1 and
2.

Analytical analyses

Carbohydrates and ethanol rates were measured by High Performance Liquid
Chromatography (HPLC), using column Aminex HPX 87H" (300 x 7.8 mm, Bio-Rad), with refractive
index detector (RID), at 50°C and mobile phase 5 mM H,SQO,, at flow rate of 0.6 mL/min.
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Statistical analyses

Field experiment was evaluated in factorial design with three harvest stages and five cultivars.
The fermentation of juices extracted at the milk/pasty grain harvest stage was conducted in a
completely randomized design. Pretreatment, enzymatic hydrolysis and fermentation of hydrolysates
were also conducted in a completely randomized design. All determinations were performed in
quadruplicate and the results for °Brix, N-FAN, P, K levels, pH, EC, initial sugars, mass loss, glucose
content, total reducing sugars, efficiency of conversion of cellulose into glucose and kinetic
parameters of fermentation and ethanol concentration, ethanol volumetric yield and efficiency of
conversion of sugars into ethanol were submitted to analysis of variance (ANOVA) and means were
compared by the Tukey test at significance level of p < 0.05 using the ASSISTAT software.

RESULTS AND DISCUSSION
Field experiment

A field experiment was initially conducted to evaluate the best harvest stage for the different sweet
sorghum cultivars under study. For this, variable °Brix was determined during three stalk harvest
stages: booting, soft grain and maturation or hard grain. No significant interaction between harvest
stage and cultivars was observed. The °Brix levels during soft grain and hard grain harvest stage
were similar and significantly higher than in the booting harvest stage (Figure 1). Therefore, earlier
harvest in soft grain phase was chosen as the best to evaluate first- and second-generation ethanol
production.
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Figure 1. Brix contents in sweet sorghum evaluated in the field experiment. Values for n = 4,
MG: General average for data collection, 5% probability, CV (%) = 17.20. HS1: Harvest boot
stage, HS2: Harvest soft grain stage, and HS3: Harvest hard dough grain stage.

The choice of variable °Brix is related to the direct correlation between levels of total soluble solids
(°Brix) and levels of total sugars in the sweet sorghum juice [24],[17]. Cultivars reached the soft grain
stage on different days: IPA 467 in 140 days, SF 11 in 130 days, BR 506 in 92 days, SF 15 in 140
days and IPA 2502 in 92 days.

Initial characterization and juice fermentation

The initial characterization of juices from different sweet sorghum cultivars is shown in Table 1. All
variables that characterized juices showed significant differences among sorghum cultivars evaluated.
The levels of ° Brix ranged from 8.95 to 16.10 and the levels of total sugars (sucrose, glucose and
fructose) ranged from 67.6 to 128.8 g L. Generally, the levels of °Brix and total sugars are
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correlated, which allows the use of the determination of soluble solids in juices as important tool for
sugar and alcohol facilities [25],[24],[7]. Literature reports levels of ° Brix in juice for stalk harvest from
15.5 to 16.5 as appropriate [15].

Table 1. Preliminary characterization of juices from distinct sweet sorghum cultivars obtained
from a field experiment in Itambé, PE, Brazil.

Cultivares °Brix (g/100 TS (g/L) N-FAN P (mg/L) K (mg/L) pH EC(mS/cm)
mL) (mg/L)

IPA 467 14.65 ab 107.40ab  193.40b 74.90 b 5403.29a 523bc  6.03cd

SF 11 13.95 ab 99.17 ab 29458ab 78.34b 4893.17a 5.10c 7.24 bc

BR 506 10.35 bc 82.20 ab 670.05 a 161 a 6205.21a 520bc 9.33a

SF 15 16.10 a 128.80 a 233.25ab 72.93b 2768.98b 5.26b 5.19d

IPA 2502 8.95¢ 67.65b 655.24ab 127.05ab 5996.81a 542a 8.72 ab

*values for n=4. TS: Total sugar; N-FAN: Free amino Nitrogen; P: Phosphorus; K: Potassium; EC: Eletrical
conductivity. Means with the same letter in the column are not significantly different (Tukey, P > 0.05).

In addition to the levels of ° Brix and total sugars, nutrient composition, pH and electrical conductivity
(EC) are important in the characterization of juices. The analysis of these variables allows inferring on
the need for addition or dilution or even correction of juices to be fermented, because microorganisms
need nutrients to convert soluble sugars into ethanol [26],[27]. The levels of N-FAN nitrogen (free
amino nitrogen) ranged from 193.4 to 670.05 mg I". The phosPhorus contents ranged from 72.93 to
161 mg I" and potassium levels from 2768.98 to 6205.21 mg I'". [28] observed similar concentrations
of potassium, but different concentrations of nitrogen and phosphorus for four cultivars of sweet
sorghum cultivated in Thailand. Differences in nutrient content in the juice can be explained by the
harvest stage of the stems, where decreases levels of nutrients were observed since soft dough at
maturation of the grain [29].

The pH values for all cultivars were similar and with overall average of 5.24, which is within optimal
values for fermentation with yeasts of the genus Saccharomyces [30]. Significant differences were
observed for electrical conductivity (EC), which is correlated with the salinity of juices and can
interfere with the yeast metabolism and affect the fermentation yield. However, there are still few
studies that relate EC with fermentation interferences.

The variability in the levels of °Brix, total sugars, nutrients and variables such as pH and electrical
conductivity in juices from different sweet sorghum cultivars is associated with the genetic capacity of
each cultivar and also with environmental conditions such as soil type, rainfall, incidence of solar
radiation [31]. The analysis and characterization of these variables in cultivars with potential for
ethanol production is critical to the viability of sweet sorghum cultivation.

The results of the kinetic parameters after 6 h of static fermentation with Saccharomyces cerevisiae
of juices from different sweet sorghum cultivars are shown in Table 2.

Table 2. Kinetic parameters in the static fermentation of the juices from different cultivars of
sweet sorghum at 33 °C, 6h using industrial yeast JP1.

Cultivares SC (%) P (g/L) Qu(g.L.h) Yors Vi (%) VFf (%) Ci (10%) Cf (10%)
IPA 467 92.1b 42.37 abc  7.06 abc 0.45a 97.03 95.54 4.46 4.63
SF 11 96.71ab 47.27 ab 7.88 ab 049 a 96.76 91.73 4.38 4.3

BR 506 98.11ab  35.27 bc 5.88 bc 0.44 a 96.95 96.00 4.52 4.64

SF 15 95.64ab 56.38a 940 a 046a  98.36 92.80 4.66 4.66




208
209
210

211
212
213
214
215
216
217
218

219
220
221
222

223
224
225
226

227
228
229
230

231

232
233

234
235
236

IPA 2502 99.42 a 28.31¢ 471c 0.42a 95.86 98.64 4.9 4.82

Values for n=4. SC: Sugar consumed, P: ethanol; Qp: Volumetric productivity; Yus: Yield; Vi: Initial viability; Vf:
Final viability; Ci: Initial concentration of cells; Cf: Final concentration of cells. Means with the same letter in the
column are not significantly different (Tukey, P > 0.05).

The ability of yeast to consume sugars from juices, ethanol production, ethanol volumetric yield,
fermentation yield, cell viability and cell concentration were used as parameters to evaluate cultivars.
Significant differences were observed in the ability of yeasts to consume sugars present in the juice
from different cultivars, from 92.71 to 99.42% of sugar consumption (Table 2). These differences are
due to the quality of juices and are related to the concentration of nutrients and other elements such
as vitamins. The ethanol concentration in the fermentation juice ranged from 28.31 to 56.38 gL'1. [32]
observed similar results when evaluating the production of ethanol from sweet and forage sorghum
cultivars in a region of low rainfall in Mexico, with ethanol content from 35.78 to 56.36 g L.

Similar to the ethanol concentration, the volumetric yield showed differences between the cultivars
(Table 2). The cultivar SF 15 was highlighted due to Qp. This parameter is important in determining
the amount of ethanol per unit of time, which in the sugar and ethanol industry is between 6 to 12
hours for initial sugar concentrations of 120 gL'1.

There were no differences for variable fermentation yield, which expresses the transformation
efficiency of sugars consumed into products of interest such as ethanol (Table 2). Yp/s ranged from
0.42 to 0.49, which represents 82.35% to 96.07% conversion of sugars into ethanol from the
maximum conversion coefficient of 0.51.

No growth of yeasts was observed during fermentation (Table 2). This is explained by the high initial
inoculum value used of 10% m / v, representing an average of 4.58 x 10® cells.mL™. A decrease in
cell viability was observed, which is the product of the concentration of products that inhibit the activity
of yeasts.

Pretreatment, enzymatic hydrolysis and fermentation of hydrolysates

The chemical composition for the contents of cellulose, hemicellulose, and acid detergent lignin of
the different types of fresh sweet sorghum bagasse and after pretreatment step are shown in Table 3.

Table 3. Chemical composition of bagasse before and after alkaline H,O, for differences sweet
sorghum cultivars.

Before H,0, pretreatment

Cultivares Celulose (%) Hemicelulose (%) LDA (%)

IPA 467 4246 +0.42a 27991046 Db 4,01+£0.19a

SF 11 38.64+1.03c¢c 33.34+1.13a 4,02+04 a

BR 506 40.7+£0.69b 20.52+0.71b 2,66+0.65b

SF 15 38.73+0.40¢c 33.09+£0.96 a 3,07 £ 0.58 ab

IPA 2502 4250+ 1.03a 33.33+1.80a 2,63+04b
After H,0, pretreatment

IPA 467 67.13 £0.48 15.92 £0.12 0.86 £ 0.15

SF 11 72.81+2.23 17.87 £ 0.90 1.5+£0.3
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BR 506 73.12 £ 3.02 17.08 £ 1.56 0.37£0.1
SF 15 7412 +1.83 18.36 £ 0.79 1.1+£0.2
IPA 2502 75.15+1.54 17.29 + 1.62 0.76 £ 0.4

Values for n=4 + standard deviation. TS: Total sugar, LDA: Lignin detergent acid. Means with the
same letter in the column are not significantly different (Tukey, P > 0.05).

The initial composition showed significant differences among cultivars. The highest cellulose levels
were observed for IPA 2502 and IPA 467 cultivars. Cellulose concentrations ranged from 38.64 to
42.50%. After pretreatment, there was an increase in the cellulose levels for all bagasses from
58.11% to 91.42%. The hemicellulose content ranged from 27.99 to 33.34%, and after pre-treatment
with H,0,, values decreased by 43.13%, 46.41%, 42.15%, 44.64% and 48.13% for the IPA 467, SF
11, BR 506, 15 SF and IPA 2502 cultivars, respectively compared to fresh bagasse, indicating
solubilization of hemicellulose for the liquid fraction of the reaction. The acid detergent lignin (ADL)
levels ranged from 2.63 to 4.02% and after reaction with H,O,, the values decreased, indicating
delignification of bagasses. Reductions of 78.55%, 62.68%, 86.09%, 64.16% and 71.11% were
observed for 467 IPA, SF 11, BR 506, SF 15 and IPA 2502 cultivars, respectively, compared to fresh
bagasse.

Delignification processes using pretreatment with alkaline hydrogen peroxide are quite variable in
relation to the type of biomass being evaluated and pretreatment conditions. For sugarcane bagasse,
for lignocellulosic biomass similar to sweet sorghum lignin, removal values of about 70% are reported
[33] under conditions similar to those used in this study. For cotton biomass, reductions between
6.22% and 32% were observed using H,O, at different temperatures and pressure [34]. Optimal lignin
removal values of 65.66% were observed for rapeseed straw biomass with 5% H,O, in alkaline
medium in 1 h reaction at 50°C [35]. For sweet sorghum biomass [23] reported value of 78.84%
delignification using 5% H,O, for 24 h.

Pretreatment of lignocellulosic biomass is aimed to disrupt the organic matrix to allow the hydrolysis

step of carbohydrates. For all types of bagasse evaluated in this study, pretreatment with H,O, in
alkaline medium resulted in an average mass loss of 34.55%, 38.15%, 32.03%, 41.5% and 36.22%
for IPA 467, SF 15, BR 506, SF 15 and APl 2502 cultivars, respectively. Mass loss is related to the
solubilization of lignin, extractives, ash, and small fractions of carbohydrates into the liquid phase of
the reaction.

Pretreatment with H,O, is a process for delignification of lignocellulosic biomass that allows achieving
greater efficiency in the recovery of sugars in the enzymatic hydrolysis step [35], since the presence
of lignin impairs the access of enzymes to the substrate. The efficiency of this type of pretreatment is
dependent on the biomass being evaluated and the results indicate no significant difference in relation
to the glucose production and significant difference to reducing sugars (Table 4) for the different types
of sweet sorghum bagasses evaluated.

Table 4. Efficiencies of enzymatic hydrolysis for different types of sweet sorghum bagasse, 2%
substrate, 10 FPU/g dry bagasse, 50°C, pH = 4.8, 48h, before pretreatment with H,0,.

Biomass TS (g/L) Glucose (g/L) EH(%)
IPA 467 14.99+0.83 ab 8.79+0.66 a 61.44 +452a
SF 11 13.60+1.08 b 10.06 +2.09a 66.11+13.41a
BR 506 15.17 £ 0.82 ab 9.31+0.31a 59.80+2.60 a
SF 15 15.21+1.22ab 10.03+0.63 a 64.69+4.26 a
IPA 2502 16.04 £ 0.50 a 11.27+241a 7230%16.01a
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Values for n=4 * standard deviation. Means with the same letter in the column are not significantly different
(Tukey, P > 0.05). TS: Total sugar, EH: Efficiency conversion of cellulose hydrolysis in glucose.

The efficiency of conversion of cellulose into glucose (EH) after 48 h was not affected by the type of
sweet sorghum bagasse evaluated (Table 4). Values of 61.44%, 66.11%, 59.80%, 64.69% and
72.30% were observed for 467 IPA, SF 11, BR 506, SF 15 and IPA 2502 cultivars, respectively. EH
depends on the chemical composition of the lignocellulosic substrate, type of pretreatment used, load
of solids used in the hydrolysis, dose and type of enzyme, hydrolysis time and methodology used to
calculate efficiency. For conditions similar to those used in this study, [23] evaluated the enzymatic
hydrolysis of sweet sorghum bagasse pretreated with H,O, and observed average EH of 62.46%.

In the comparison with other types of pretreatment used to treat sweet sorghum biomass for ethanol
production, efficiency of conversion of cellulose into glucose similar to that shown in this study was
observed. [36] used steam explosion to pretreat sorghum biomass and observed efficiencies between
50% and 90% in different process times (5 to 10 min) and temperatures (180 to 200°C) using
enzymes Celuloclast 1.5 at dose of 20 FPU.gsubstrate'1 and Novozyme 188 at dose of 20
IU.gsubstrate™.

In another study, [37] evaluated four types of pretreatment for sweet sorghum biomass, like ionic
liquids, steam explosion, dilute acid and lime. The enzymatic hydrolysis conditions were 10% of
substrate, enzyme dose of 20 FPU.g substrate and time of 72 h. The maximum efficiency of
conversion of cellulose into glucose was obtained for pretreatment with steam explosion with 72%,
followed by dilute acid with 50%, ionic liquids and lime with 40%.

Since no significant difference was observed for enzymatic hydrolysis efficiencies for the different
sorghum cultivars evaluated, we chose to ferment hydrolysate from SF15 cultivar, since this cultivar
stood out in the juice fermentation analysis. After 7 h of fermentation with D. bruxellensis, ethanol
production was 3.9 gL ' with volumetric yield of 0.56 gl'1.h'1 and conversion of glucose into ethanol of
0.40. No significant changes in cell viability and growth of D. bruxellensis biomass were observed.

Fermentation of biomass hydrolysates usually leads to low ethanol concentrations in the medium,
since the initial contents of pretreated biomass submitted to hydrolysis are low, between 2% and 10%,
even maximizing the enzymatic hydrolysis efficiency, reaching up to 90%. [33] fermented
hydrolysates of sugarcane bagasse pre-treated with alkaline H,O, under conditions similar to those of
this study using Saccharomyces cerevisiae and obtained 2.5 g L" ethanol starting from hydrolysate
with6.5gL B glucose and yield 0.38 g g ™,

CONCLUSIONS

The results obtained demonstrated that the best stage for the harvest of sweet sorghum stalks to
anticipate harvest is the phase in the soft grain stage, which can be extended until the physiological
maturation of grains. Ethanol production from juice was influenced by cultivar, and SF 15 cultivar
seems to be the most promising, which corroborates previous studies of our research group.
Hydrogen peroxide is effective for the pretreatment of all types of bagasses from sorghum cultivars
evaluated and allowed reasonable efficiencies in the enzymatic hydrolysis step of biomass. In
addition, Dekkera bruxellensis showed potential to ferment biomass hydrolysates.

REFERENCES

1. Walker GM, 2011. Fuel alcohol: current production and future challenges. Journal of the Institute of
Brewing. 2011;117:3-22.

2. Sanchez OJ, Cardona CA. Trends in biotechnological production of fuel ethanol from different
feedstocks. Bioresource Technology. 2008;33:5270-529.

3. Han KJ, Pitman, WD, Alison, MW, Harrel DL, Viator HP, McCormic ME, Gravois KA, Kim M, Day,
D.F. Agronomic considerations for sweet sorghum biofuel production in the south-central USA.
Bioenergy Research. 2012;5:748-758.

4. Vinutha KS, Rayaprolu L, Yadagiri K, Umakanth AV, Patil JV, Rao PS. Sweet sorghum research
and development in India: Status and prospects. Sugar Tech. 2014;16:133-143.



326
327

328
329
330

331
332

333
334
335

336
337

338
339

340
341

342
343
344

345
346

347
348

349
350

351
352
353

354
355
356

357
358

359
360

361
362

363

364
365

366
367
368

369
370
371

5. Gnansounou E, Dauriat A, Wyman CE. Refining sweet sorghum to ethanol and sugar: economic
trade-offs in the context of North China. Bioresource Technology. 2005;96:985-1002.

6. May A, Durdes FOM, Filho IAP, Schaffert RE, Parrella RAC. Sistema Embrapa de Producgéo
Agroindustrial de Sorgo Sacarino para Bioetanol Sistema BRS1G — Tecnologia Qualidade Embrapa.
Embrapa Milho e Sorgo. Sete Lagoas-MG. 2012;120.

7. Kim M., Han KJ, Jeong Y, Day D. Utilization of whole sweet sorghum containing juice, leaves and
bagasse for bio-ethanol production. Food Science Biotechnology. 2012;21:1075—1080.

8. Murray SC, Rooney WL, Mitchell SE, Sharma A, Klein PE, Mullet JE, Kresovich S. Genetic
Improvement of Sorghum as a Biofuel Feedstock: Il. QTL for Stem and Leaf Structural
Carbohydrates. Crop Science. 2008;48:2180-2193.

9. Zegada-Lizarazu W, Monti A. Are we ready to cultivate sweet sorghum as bioenergy feedstock? A
review on field management practices. Biomass and Bioenergy. 2012;40:1-12.

10. Almodares A, Hadi MR. Production of bioethanol from sweet sorghum: A review. African Journal
of Agricultural Research. 2009;4:772-780.

11. Vasilakoglou I, Dhima K, Karagianiannidis N, Gatsis T. Sweet sorghum productivity for biofuels
under increased soil salinity and reduced irrigation. Fields Crops Research. 2011;120:38-46.

12. Van der Weijde T, Alvim Kamei CL, Torres A F, Vermerris W, Dolstra O, Visser R GF, Trindade
LM. The potential of C4 grasses for cellulosic biofuel production. Frontiers in Plant Science.
2013;4:107.

13. Cifuentes R., Bressani R., Rolz C. The potential of sweet sorghum as a source of ethanol and
protein. Energy for Sustainable Development. 2014;21:13-19.

14. Wu X, Staggenborg S, Prophter JL, Rooney WL. Features of sweet sorghum juice and their
performance in ethanol fermentation. Industrial Crops and Products. 2010;31: 164-170.

15. Prasad S, Singh A, Jain N, Joshi HC. Ethanol production from sweet sorghum syrup for utilization
as automotive fuel in India. Energy Fuels. 2007;21:2415-2420.

16. Teetor VH, Duclos DV, Wittenberg ET, Young KM, Chawhuaymak J, Riley MR., Ray DT. Effects
of planting date on sugar and ethanol yield of sweet sorghum grown in Arizona. Industrial Crops and
Products. 2011;34:1293-1300.

17. Dutra ED, Neto BAG, Souza, RB, Morais Junior MA, Tabosa JN, Menezes RSC. Ethanol
Production from the stem juice of Different Sweet Sorghum Cultivars in the State of Pernambuco,
Brazil. Sugar Tech. 2013;15:316-321.

18. Thomas RL, Shearrd RW, Moyer JR. Comparison of conventional and automated procedures for
N, P and K analysis of plant material using a single digestion. Agronomy Journal. 1967;59:240-243.

19. Van Soest PJ. Use of detergents in analysis of fibrous feeds: a rapid method for the determination
of fiber and lignin. Association of Official Analytical Chemists. 1963;46: 829-835.

20. Miller G L. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Analytical
Chemistry. 1959;31:426-428.

21. Ghose TK. Measurement of cellulase activities. Pure & Applied Chemistry. 1987;59: 257-268.

22. Wood TM, Bhat KM. Methods for measuring cellulase activities. Methods in enzymology.
1988;160:87-112.

23. Cao W, Sun C, Liu R, Yin R, Wu X. Comparison of the effects of five pretreatment methods on
enhancing the enzymatic digestibilty and ethanol production from sweet sorghum
bagasse. Bioresource Technology. 2012;111:215-221.

24. Guigou M, Pérez LV, Lareo C, Lluberas ME, Vazquez D, Ferrari MD. Bioethanol production from
sweet sorghum varieties: evaluation of post-harvest treatment on sugar extraction and fermentation.
Biomass and Bioenergy. 2011;35:3058-3062



372
373
374

375
376

377
378
379

380
381
382

383
384
385

386
387
388

389
390
391

392
393
394

395
396
397

398
399
400

401
402
403

404
405
406

407
408

25. Tsuchihashi N, Goto Y. Cultivation of sweet sorghum (Sorghum bicolor (L.) Moench) and
determination of its harvest timer to make use as the raw material for fermentation, practiced during
rainy season in dry land of Indonesia. Plant Production Science. 2004;7:442-448.

26. Bai F, Anderson WA, Moo-Young M. Ethanol fermentation technologies from sugar and starch
feedstocks. Biotechnology Advances. 2008;26:89-105.

27. De Souza RB, Menezes JAS, Souza RFR, Dutra ED, Morais Jr MA. Mineral composition of the
sugarcane juice and its influence on the ethanol fermentation. Applied Biochemistry and
Biotechnology. 2015;175:209-222.

28. Bunphan D, Jaisil P, Sanitchon J, Knollb JE, Anderson WF. Estimation methods and parameter
assessment for ethanol yields from total soluble solids of sweet sorghum. Industrial Crops and
Products. 2015;63:349-356.

29. Fernandes G, Braga TG, Fischer J, Parrella RAC, Resende MM, Cardoso VL. Evaluation of
potential ethanol production and nutrients for four varieties of sweet sorghum during maturation.
Renewable Energy. 2014;71:518-524.

30. Dimple KK, Bellmer DD, Hunke RL, Wilkins MR, Claypool PL. Influence of temperature, pH and
yeast on in-field production of ethanol from unsterilized sweet sorghum juice. Biomass and Bioenergy.
2010;34:1481-1486.

31. Zhao YL, Dolat A, Steinberger Y, Wang X, Osman A, Xie GH. Biomass yield and changes in
chemical composition of sweet sorghum cultivars grown for biofuel. Fields Crops Research.
2009;111:55-64.

32. Davila-Gomez FJ, Chuck-Hernandez C, Perez-Carrillo E, Rooney WL, Serna-Saldivar SO.
Evaluation of bioethanol production from five different varieties of sweet and forage sorghums
(Sorghum bicolor (L) Moench). Industrial Crops and Products. 2011;33:611-616.

33. Rabelo SC, Amezquita NA, Andrade RR., Maciel Filho R., Costa, AC. Ethanol production from
enzymatic hydrolysis of sugarcane bagasse pretreated with lime and alkaline hydrogen peroxide.
Biomass and Bioenergy. 2011;35:2600-2607.

34. Silverstein RA, Chen Y, Sharma-Shivappa RR, Boyette MD, Osborne J. A comparison of chemical
pretreatment methods for improving saccharification of cotton stalks. Bioresource Technology.
2007;98:3000-3011.

35. Karagoz P, Rocha IV, Ozkan M, Angelidaki I. Alkaline peroxide pretreatment of rapeseed straw for
enhancing bioethanol production by same vessel saccharification and co-fermentation. Bioresource
Technology. 2012;104:34-357.

36. Sipos B, Réczey J, Samorai Z, Kadar Z, Diones D, Réczey K. Sweet sorghum as feedstock for
ethanol production: enzymatic hidrolysis of steam-pretreated bagasse. Applied Biochemistry
Biotechnology. 2009;153:151-162.

37. Zhang J, Ma X, Yu J, Zhang X, Tan T. The effects of four pretreatments on enzymatic hydrolysis
of sweet sorghum bagasse. Bioresource Technology. 2011;102:4585-4589.



