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Sweet sorghum as a whole-crop feedstock for ethanol production
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a b s t r a c t

The potential of sweet sorghum as an alternative crop for ethanol production was investigated in this
study. Initially, the enzymatic hydrolysis of sorghum grains was optimized, and the hydrolysate produced
under optimal conditions was used for ethanol production with an industrial strain of Saccharomyces
cerevisiae, resulting in an ethanol concentration of 87 g L�1. From the sugary fraction (sweet sorghum
juice), 72 g L�1 ethanol was produced. The sweet sorghum bagasse was submitted to acid pretreatment
for hemicellulose removal and hydrolysis, and a flocculant strain of Scheffersomyces stipitis was used to
evaluate the fermentability of the hemicellulosic hydrolysate. This process yielded an ethanol concen-
tration of 30 g L�1 at 23 h of fermentation. After acid pretreatment, the remaining solid underwent an
alkaline extraction for lignin removal. This partially delignified material, known as partially delignified
lignin (PDC), was enriched with nutrients in a solid/liquid ratio of 1 g/3.33 mL and subjected to simul-
taneous saccharification and fermentation (SSF) process, resulting in an ethanol concentration of
85 g L�1 at 21 h of fermentation. Thus, from the conversion of starchy, sugary and lignocellulosic fractions
approximately 160 L ethanol.ton�1 sweet sorghum was obtained. This amount corresponds to 13,600 L
ethanol.ha�1.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Brazil is one of the world's largest agricultural producers and is
known for its agricultural expansion potential. Brazil is among the
world's five largest agricultural producers and exporters and ranks
second worldwide in bioethanol production. Currently, bioethanol
is the most promising alternative renewable energy source to pe-
troleum production. Bioethanol has the potential to provide sus-
tainable, cost effective energy while reducing greenhouse gas
emissions. Sweet sorghum [Sorghum bicolor (L.) Moench] has been
widely recognized as a promising energy crop for bioethanol pro-
duction due to its relative high biomass productivity and low input
requirements. Sweet sorghum is a drought and heat tolerant, multi-
purpose crop that can be cultivated on a wide range of soils. As the

only crop that provides grain and stems, sweet sorghum can be
used for the production of sugar, alcohol, syrup, jaggery, fodder,
fuel, bedding, roofing, fencing, paper and chewing. Sweet sorghum
is also known for its easy cultivation from seeds, possibility of
multiple crops per season and its large breeding potential [1e6]. In
addition, its short growth period (3e5 months) makes this crop
suitable as a complementary feedstock to sugarcane in marginal
areas or in crop rotations. Therefore, sweet sorghum can expand
production capacity, offering existing sugar-based biofuel in-
dustries a flexible, low-cost crop that can be utilizedwithin existing
harvest and processing infrastructures. Moreover, sweet sorghum
can be used as an alternative crop in areas where sugarcane does
not perform well.

Given all these advantages of sweet sorghum as a potential
source of biofuels, the aim of this study was to evaluate ethanol
production from whole sweet sorghum (i.e., juice, grains and
bagasse) and the potential of this flexible crop as an alternative
feedstock for sustainable and renewable ethanol production.

Although several studies highlight the potential of sweet sor-
ghum for ethanol production, the results reported in this work
prove that sweet sorghummust also be seen as an ideal energy crop
and viable feedstock for a productive industrial scale since it has
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higher ethanol productivity compared with other crops. Addition-
ally, its utilization would not require major modifications in the
existing industrial units (ethanol production worldwide must
diversify feedstock), particularly in countries (as Brazil) subjected
to harvest seasons.

Moreover, as far as hydrosability and fermentability (of all
fractions e starch, hemicellulose and cellulose) are concerned,
there are very few results in literature which depict high results of
sugar and ethanol concentrations as we reported in this work.
When compared with the Brazilian ethanol 1G production that is a
mature technology, the volumetric productivity values herein ob-
tained with starch hydrolysate fermentation as well as with cellu-
lose hydrolysate fermentation are quite similar. It is also important
to point out that high concentrations of sugars were obtained in the
enzymatic hydrolysis of sweet sorghum grains, using low enzyme
loads and with hydrolysis times shorter than those reported in the
literature. Equally important, in the fermentation process of enzy-
matic hydrolysate of sweet sorghum grains, the ethanol produc-
tivity was higher when compared with other studies describes in
literature. Besides, most studies show the conversion of only two
fractions of sweet sorghum (juice/bagasse, juice/grains). Thus, the
income generated from grain yield as a coproduct and other co-
products from processing, such as ethanol, will cover the cost of
producing the crop making whatever income generated from
ethanol a profit.

Finally, the energy biomass of the future should consider
developing crops that delivermore than just cellulose. This way, the
refineries that utilize integrated biochemical conversion and ther-
mochemical conversion processes could use such crops to sus-
tainably produce fuels and coproducts. This way, sweet sorghum,
with its multi-platform of resources of starch, sugar and cellulose, is
considered a very promising energy crop to the biorefinery
approach.

2. Materials and methods

2.1. Feedstock, enzymes and enzymatic assays

Sweet sorghum grains, juice and bagasse samples were kindly
supplied by Monsanto do Brasil Ltda (Uberlândia - MG, Brazil). The
commercial enzymes used in this study were a-amylase from Ba-
cillus licheniformis and glucoamylase from Aspergillus niger, which
were donated from LNF Latino Americana (Bento Gonçalves - RS,
Brazil), and cellulase from Trichoderma reesei, which was obtained
from Novozymes Latin America Ltda. The enzymatic activities of a-
amylase, glucoamylase and cellulase were measured using the
methods described by Fuwa [7], Summer [8] and Ghose [9],
respectively.

2.2. Yeast strains, culture media and inoculum preparation

The fermentative agent employed in this studywas an industrial
strain of Saccharomyces cerevisiae (JP1) isolated from a Brazilian
distillery (Japungu Agroindustrial, Santa Rita - PB) and a flocculant
strain of Scheffersomyces stipitis (CBS5774) from the “Central Bureau
voor Schimmelcultures - CBS”.

S. cerevisiae JP1 was maintained at 4 �C on YED medium con-
taining 1% yeast extract, 2% glucose and 1.5% agar at pH 6.0. Cellular
growth was performed in two steps. First, the yeast cells were
cultured aerobically in a rotatory shaker (New Brunswick Scientific
e Edison N. J., U.S.A.) at 37 �C, pH 4.5 and 200 rpm in a medium
containing 20 g L�1 glucose,1.25 g L�1 urea,1.1 g L�1 KH2PO4, 2 g L�1

yeast extract and 40 mL L�1 of mineral salts solution, as described
by Pereira Jr. and Bu'lock [10]. Then, the inoculum was grown
aerobically in conical flasks with 200 mL of the same medium used

in the previous cultivation and was inoculated with a yeast sus-
pension of 3.0 g dw.L�1 of cells. The inoculated flasks were incu-
bated in a rotatory shaker at 37 �C and 200 rpm. After this step, the
cells were aseptically centrifuged (5000 g/40 min), and the bio-
phase was used to inoculate the fermentation medium.

S. stipitis CBS5774 was maintained at 4 �C in a medium of the
following composition: 1% yeast extract, 2% xylose and 1.5% agar at
pH 6.0. A preculture was grown aerobically in a rotatory shaker at
30 �C, pH 6.0 and 200 rpm in a medium containing 20 g L�1 xylose,
1.25 g L�1 urea,1.1 g L�1 KH2PO4, 2 g L�1 yeast extract and 40mL L�1

of mineral salts solution. The inoculum was performed in two
stages using the hemicellulosic hydrolysate obtained from acid
pretreatment to adapt the cells for the fermentation process. In the
first stage, the cells (5% v/v) were transferred to a liquid medium
containing 25% hydrolysate, and in the second stage, the hydroly-
sate content was increased to 50%. For these two stages, the liquid
medium was supplemented with urea (2.5 g L�1), KH2PO4
(2.2 g L�1), yeast extract (4 g L�1) and 40mL L�1 of salts solution. All
cells were aseptically centrifuged (5000 g for 20 min), and the
biophase was used to inoculate the fermentation medium.

2.3. Sweet sorghum juice: evaluation of fermentability

Batch fermentation was performed in a 2 L Biostat B reactor (B.
Braun Biotech International e Germany) with a working volume of
0.8 L to evaluate the fermentability of sweet sorghum juice with no
supplementation. First, the juice was centrifuged (4000 g/15 min)
and sterilized at 0.5 atm for 20 min. The initial cell concentration
(S. cerevisiae JP1) was approximately 12 g L�1 (dw.L�1). Fermenta-
tion was conducted at 37 �C and 200 rpm, and the pH was main-
tained at 4.5.

Fermentation efficiency was calculated as: (actual weight of
ethanol produced/theoretical weight of ethanol produced from
juice) � 100%. Ethanol productivity was expressed as g of ethanol.
L�1.h�1. Ethanol yield and volumetric ethanol productivity were
calculated according to Eqs. (1) and (2), respectively:

YP=S ¼
P � P0
S0 � S

(1)

QP ¼ P � P0
tf

(2)

where: YP/S is the ethanol yield (g.g�1), P denotes the final ethanol
concentration (g.L�1), P0 represents the initial ethanol concentra-
tion (g.L�1), S0 defines the initial substrate concentration (g.L�1), S
is the final substrate concentration (g.L�1), QP represents the
volumetric ethanol productivity (g.L�1.h�1) and Tf is the total
fermentation time (h).

2.4. Sweet sorghum grains: compositional analysis

The starch content of dried sorghum grains was determined via
quantitative enzymatic hydrolysis using commercial cellulases, a-
amylase and glucoamylase, as described by Barcelos et al. [11].

2.5. Sweet sorghum grains: enzymatic hydrolysis

Table 1 outlines the optimal reaction conditions for the enzy-
matic hydrolysis of sweet sorghum grains was previously deter-
mined by Barcelos et al. [11].
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