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Abstract

Sweet sorghum stalks energy recovery is one of the most interesting alternatives to meet the current challenge of energy
security. The usual ethanol production process from this biomass proves to be less profitable due to very expensive juice
extraction step. This study aims to improve the performance and efficiency of this process experimenting new processing
techniques of direct whole stem fermentation combined with enzymatic hydrolysis. Fermentation tests were carried out on
shredded whole stem and pith (particle size <1 mm) and enzymatic process efficiency was compared to fermentation of
juice obtained after mechanical pressing. Saccharification treatments of biomass fractions (whole stem and pith with particle
size 0.5 mm) were performed using Celluclast 1.5 L and Viscozyme L, with three different enzymatic loads (15, 30 and
45 U/g DM, and 15, 30 and 45 FBGU/g DM) combined to three different biomass loadings (2, 5 and 10% w/v). Fermenta-
tion was carried out using Saccharomyces cerevisiae. Fermentation yields were 0.45; 0.50 and 0.49 g Eth/g of consumed
sugars respectively for juice, marrow and whole stem. Saccharification with Viscozyme at 45 FBGU/g DM enzymatic load
and 10% (w/v) of biomass load allowed an increase of 39.63% and 28.14% in ethanol production yield; and 27.50% and
26.42% for biomass conversion efficiency, respectively between treated and untreated whole stem fractions and between
treated and untreated pith fractions. Sweet sorghum stalk is a viable and sustainable source of alternative energy feedstock.
Direct fermentation of the whole stem treated with cellulolytic enzyme makes it possible to dispense the juice extraction
step, improving energy bioconversion performance and efficiency.
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Statement of Novelty

This study presents an improvement in the performance
and profitability of the ethanol production process from
sweet sorghum stalks. This through a new operating mode
combined with enzymatic treatment. Contrary to the usual
process which consists to extract and ferment the sweet
juice from the lignocellulosic fraction (bagasse), this study
proposes a direct fermentation of the crushed whole stem,
improving the process profitability considering lower water
and energy consumptions. The study presents also an optimi-
zation of ethanol production yield after enzymatic hydrolysis
of the whole stem. The bioconversion yields into ethanol
rates of increase were 27.50% and 26.42% respectively
between treated and untreated whole stem fractions, and
between treated and untreated pith fractions.

Introduction

The growing demand for energy lead to the drastic reduction
of fossil resources and climate changes caused by green-
house gas emissions. So, energy security is a major concern
requiring us to seek sources of alternative energies [1, 2].
As mitigation measures, it is imperative to adopt policies to
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minimize the use of fossil reserves, maintaining environ-
mental sustainability and reducing greenhouse gas emissions
[3]. Biofuels development is one of the most sustainable
and clean energy source emerging strategies. Green bio-
mass, in particular crop residues, is one of the best sources
of raw materials for alternative energies. Ethanol produc-
tion from lignocellulosic material as a strategy to mitigate
global warming and improve global energy security has
attracted worldwide attention [4]. However, the raw mate-
rial should come from inedible agricultural residues to avoid
direct competition between the production of bioethanol and
foods [5]. Sweet sorghum (Sorghum bicolor (L) moench), a
cereal grass producing both starchy seeds and stalks with
high contents of fermentable sugars has been identified as a
plant with interesting and promising potential to meet this
challenge. Indeed, sorghum is the fifth most cultivated cereal
in the world due to its ability to adapt to marginal agronomic
conditions but also for its high yield of green biomass with
juicy and sweet stalks [6—8]. Sorghum green biomass yield
has been estimated between 20 and 120 tonnes/ha depending
on the cultivation conditions and the botanical characteris-
tics of the plant material [9]. In 2020, its world and African
estimated production were 58.70 and 27.47 million tonnes
over an area of 40.25 and 27.29 million hectares, respec-
tively [10]. Generally, ethanol production process from
sweet sorghum stalks consists of extracting juice from fresh
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stalks to ferment it. In this process, liquid fraction and the
solid residues (bagasse) are processed separately [11-14].
However, this process turns out to be economically unprof-
itable because of the extraction techniques that consume a
lot of water and energy. Mechanical pressing using two or
three rolls press leads to low juice extraction yields, often
below 50% of stem mass [13, 15]. Development of multi-
stage press technologies combined with the diffusion extrac-
tion technique allows sugar extraction yields of around 90%
[16]. Adding distilled water to bagasse followed by their
incubation at temperatures <45 °C significantly improved
extraction yields and achieved fermentescible sugar extrac-
tion rates in the order of 99% [17, 18].

Faced with these extraction processes which consume sig-
nificative quantities of water and energy, the uses of chemi-
cal or enzymatic hydrolysis of bagasse before ethanol pro-
duction by fermentation have been experimented [19]. The
objective was to hydrolyse cellulose and hemicellulose into
fermentable sugars and to co-ferment them with those of the
juice. Chemical hydrolysis takes place under acid or alkaline
conditions with often high temperatures, generally leading
to the degradation of a part of fermentable sugars and the
formation of numerous toxic and corrosive compounds, as
well as inhibitors (furfural, hydroxymethylfurfural, acetic
acid, etc.) of fermentation [20, 21]. It is not a green pro-
cess and it is restricted by the neutralization steps before
hydrolyzate fermentation. Dilute acid hydrolysis (0.7-3.0%)
requires high operating temperatures (180-240 °C) whereas
concentrated acid hydrolysis requires huge amounts of acid
and therefore is less economical [4, 22]. Enzymatic hydroly-
sis, on the other hand, has relatively low utility costs, except
that of biocatalyst, it is generally carried out under middle
conditions (pH 4.8-5 and temperatures 45-50) and does not
present any problem of materials corrosion [23]. It offers
the opportunity of carrying out both the simultaneous sac-
charification and fermentation (SSF) and separate hydrolysis
and fermentation (SHF).

Regarding to these properties, this study experiments
an enzymatic hydrolysis of shredded sweet sorghum whole
stalks aiming to overcome the very costly sugar extraction
step and to increase the amount of fermentable sugars in
this biomass with the objective of improving its bioconver-
sion into ethanol. Two enzymes (Celluclast 1.5 L and Vis-
cozyme L) were tested on shredded whole stem and pith

Fig. 1 Biomass pretreatment
operations: cut stalk (A), Mar-
row (B), whole deleafed stalk
cut up and dried (C) and ground
stalk (D)

and the fermentation was carried out using Saccharomyces
cerevisiae.

This study presents an improvement in the performance
and efficiency of the ethanol production process from sweet
sorghum stems and its economic profitability. The aim was
to prove that it is possible to dispense the expensive juice
extraction step. Unlike to the usual process which consists to
extract and ferment the sweet juice separately from the bio-
mass lignocellulosic fraction (bagasse), this study proposes
a direct fermentation of the crushed whole stem, improving
the process profitability considering lower water and energy
consumptions. The study presents also an optimization of
ethanol production yield after enzymatic hydrolysis of the
whole stem.

Materials and Methods
Collection and Pretreatment of Sorghum Stalks

The sorghum stalks from sorghum (bicolor) were collected
on November 05, 2020 at “KODEK” (10° 39" 19"N; 14° 24’
42"E; 880 m), a locality of DIAMARE department, located
in the Far North region of Cameroon. Stem samples were
immediately cut up and stored in a -20 °C freezer for fur-
ther analysis. To study the performance and efficiency of
the ethanol production process from this biomass, fermenta-
tion tests were carried out on different stalk fractions (whole
stem, marrow, and juice). Indeed, the stem was deleafed, cut
up, dried and ground. The marrow was separated from the
bark by peeling, then dried and ground. Juice extraction was
carried out by mechanical pressing of the marrow. Figure 1
shows the different biomass pretreatment operations.
Figure 2 presents the overall implementation process as
well as the intermediate products resulting from the differ-
ent process unit operations. The first operation consisted of
collecting biomass (sorghum stalks) in sufficient quantity
after having identified it (species, cultivar, GPS coordinates,
etc.). It was then subjected to a physico-chemical charac-
terization, in particular the determination of the contents
of extractable sugars, total fibres, cellulose, hemicelluloses,
lignin, phenolic compounds, dry matter, organic matter, etc.
The fermentation was tested on different biomass fractions
in order to study and compare the efficiency of the process.

@ Springer
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Fig.2 Overall research imple-
mentation flow
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According to itinerary 1 in Fig. 2, the collected stems
were pretreated to remove leaves and panicles before the
pressing step [11]. The pith was separated from the bark by
peeling in order to optimize the juice and sugars extraction
yields. The juice was extracted from the marrow by crush-
ing and mechanical pressing using a mill, then character-
ized and fermented. Following route 2 in Fig. 2, the direct
fermentation of ground marrow (untreated and treated) was
tested. During itinerary 3, the direct fermentation of shred-
ded whole deleafed stems (treated and untreated) was tested.
The objective is to limit as much as possible the fractiona-
tion steps that consume a lot of energy and water.

Physicochemical Characterization of Sorghum Stem

The dry matter was determined according to the AFNOR
method [24], by stoving biomass samples at 105 °C until
a constant mass was obtained. The dry matter content,
expressed as a percentage of fresh matter, was calculated
according to Eq. (1) after cooling the samples in a desiccator.

M, —
DM, = —
T M

100
o (1)

where DM is the dry matter content (%); M; is the mass
of the crucible and residual dry sample (g); M, is the initial
mass of the crucible and its wet contents (g); T is the empty
crucible tare (g).
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The samples moisture content (M), expressed in (%) was
deducted from the dry matter value according to Eq. (2):

M- =100 - DM, )

Mineral matter was determined from residual dry samples by
electric muffle furnace incineration at 550 °C for 6 h, and its
value was calculated according to the Eq. (3) after cooling.

M, —
f
MM, = ——— x 100

CTM-T )

i

where MM is the mineral content compared to DM (%); M,
is the final mass of the crucible and residual sample after
incineration (g); M, is the initial mass of the crucible and
dry sample before incineration (g); T is the empty crucible
tare (g).

The tests were carried out in three repetitions and the
result is the average of the repetitions.

The sorghum stem biochemical composition, namely
total fibers content, hemicellulose, cellulose, and lignin was
determined by the method described by Van Soest [25].

The total fibers content (%), expressed as a percentage of
dry matter, was calculated according to Eq. (4):

Total Fibers = (l - (%)) * 100 D)

where S is the initial sample mass (g) and W/ is the mass
of residual sample insoluble in neutral detergent (g).
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The hemicellulose content was determined from the
dry residues of neutral detergent insoluble fiber (W1). It is
expressed as a percentage (%) of dry matter and calculated
according to Eq. (5):

Hemicellulose = (M>

* 100 4)
where W2 is the mass of residual sample insoluble in acid
detergent (g).

Cellulose and lignin contents were determined after sul-
phuric acid (72%) digestion of the cellulosic fraction of the
residual mass of acid detergent insoluble fibers (W2). They
are expressed as a percentage (%) of dry matter and are cal-
culated according to Egs. (6) and (7) respectively.

Cellulose = (M)

% 100 (6)

Lignin = <WT3) % 100 @)

where W3 is the residual mass of sample after sulphuric acid
digestion (g).

Determination of Biomass Sugars Contents

The water-soluble and total sugars contents were determined
according to the method of Dubois et al. [26] using phenol
and sulfuric acid. The soluble sugars were extracted with
hot water (90 °C for 90 min) from different biomass frac-
tions powders. For this purpose, 1 g of biomass powder was
mixed with 50 mL of milli-Q water and heated in a water
bath at 90 °C for 90 min and then filtered under vacuum
using a size 3 frit (40-90 pm). The filtrate was used for
soluble sugars analysis as well as for biomass reducing sug-
ars content determination. The reducing sugar content was
determined by method described by Waffenschmidt and
Jaenicke [27], using biquinchoninic acid. The fibrous resi-
dues from the filtration were dried by stoving at 60 °C until
a constant mass was obtained. They were then hydrolyzed
to extract the insoluble structural sugars. For this purpose,
0.2 g of dry fibrous residues were mixed with 5 mL of sul-
furic acid (0.75 M) and heated in a water bath at 100 °C for
90 min. The hydrolyzate was then centrifuged at 13 000 g
for 10 min and the supernatant was recovered and neutral-
ized (pH=7+0.1) with a NaOH solution, then used for the
determination of total structural sugars.

Determination of Total Phenolic Compounds
Content

The phenolic compounds were extracted by mixing 1 g
of biomass powder in 40 mL of diluted acetone solution

(50% v/v of acetone/water) and stirred at room temperature
(20-22 °C) for 60 min. The solution was then filtered under
vacuum through a Whatman 1 filter paper and the filtrate
was recovered. It was then separated from the solvent by
evaporation under vacuum using a rotavapor and the lost
volume was replaced by milli-Q water. The extracts of the
phenolic compounds were assayed with Folin Ciocalteu’s
reagent according to the protocol described by Gutfinger
[28]. Biomass total phenolic compounds contents were
expressed as grams of gallic acid equivalent / kilogram DM
of sample (g GAE/Kg DM sample).

Fermentation Test of Different Biomass Fractions

The fermentation was carried out using Saccharomyces cer-
evisiae ATCC 7754. It was taken up in sterile water and
spread on YM-agar agar (yeast Medium, Difco 0712-01-8)
before to be incubated at 28 °C for 24 h. The strain was then
stored at 4 °C and subcultured on a petri dish for 24 h before
being used in the culture vessels [29].

Preliminary fermentation trials were tested on different
biomass fractions (whole stalks, marrow and juice) in order
to study and compare the efficiency and performance of the
bioethanol production process from sweet sorghum stalks.
For this purpose, part of the stem was peeled and the juice
was extracted from the pith by mechanical pressing. The
whole stem and the pith were then cut up and dried by stov-
ing at 60 °C until a constant mass was obtained, then ground
to a particle size <1 mm. The fermentation was carried out
in 500 mL Erlenmeyer flasks, with 200 mL working volume.
The different culture media were composed of 10% (w/v) of
the corresponding biomass fraction or sufficiently diluted
stem sorghum juice, enriched with additional nutrients as
described by Kristiansen [30], except glucose. The culture
media were then autoclaved at 121 °C for 20 min and inocu-
lated with 10% (v/v) of Saccharomyces cerevisiae preculture
in exponential phase of growth. They were then incubated
at 30 °C with 200 rpm stirring speed. The media samples
were taken every 2 h to monitor the fermentation kinetics.

The fermentation kinetic was monitored through three
parameters: ethanol production, fermentable sugars con-
sumption and microbial growth. The consumption of fer-
mentable sugars was monitored by the colorimetric total sug-
ars assay method of Dubois et al. [26]. Microbial growth was
monitored measuring A, (Biomate 3S, UV-visible spec-
trophotometer, Thermo Scientific, Lyon, France). Ethanol
production was quantified by HPLC device (1260 Infinity
Quaternary LC system, Agilent Technology, Palo Alto, CA,
USA). It was equipped with two ionic exclusion columns
(Rezex ROA 300 x 7.8 mm, Phenomenex, Torrance, CA,
USA) connected in serial in an oven (50 °C) and coupled to
a refractometer as detector. The mobile phase consisted of
2 mM sulfuric acid solution, in ultrapure water (Millipore,
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MilliQmore), pumped at 0.7 mL/min flow rate and 70 bars
(7000 kPa). Ethanol was detected using a refractometer (HP
1100 series, Agilent Technologies, USA). Samples were pre-
viously deproteinized before injection in order to avoid clog-
ging of the column. To do this, 125 pL of barium hydroxide
solution (0.3 M) and 125 pL of zinc sulphate solution (5%
w/v) were added to 1 mL of sample and centrifuged at 10
000 g for 10 min then the supernatant was filtered using a
0.2 pm cellulose acetate filter (Chromafil, Steinheim, Ger-
many) before analysis.

Enzymatic Hydrolysis of Biomass

Two liquefaction enzymatic cocktails were tested for the sac-
charification of different fractions of biomass fibers. The first
one was Viscozyme L. It is a cellulolytic enzymes mixture
composed of arabinase, cellulase, f-glucanase, hemicellu-
lase, and xylanase from Aspergillus sp. with an enzymatic
activity > 100 Fungal Beta-Glucanase Units (FBGU)/g. The
second one was Celluclast 1.5 L. It is a liquid complete cel-
lulase mixture from Trichoderma reesei containing exo- and
endocellulases, B-glucosidases, and hemicellulases with an
enzyme activity > 700 units (U)/g. To determine the optimal
hydrolysis conditions, three different biomass loads were
studied, 2%, 5% and 10% (w/v) from different biomass pow-
ders with particle size <0.5 mm. Different enzymatic loads
were also tested in combination with different biomass loads:
Celluclast at 15, 30 and 45 U/g DM of biomass; and Vis-
cozyme at 15, 30 and 45 FBGU/g DM of biomass. Hydroly-
sis was carried out in 250 mL Radleys reactor (Carousel 6
Plus Reaction Station) with 200 mL of working volume.
The reactors were agitated with a rotational mixing speed of
500 rpm and the temperatures were set at 44 °C and 50 °C
respectively for the Viscozyme and the celluclast assays. A
control sample without enzyme was carried out in parallel
under the same conditions. In order to follow the hydrolysis
kinetics, samples were taken every 2 h for the first 10 h, then
at 24 h and after 48 h. The samples taken were subjected to
an instantaneous thermal shock at 100 °C for 10 min in a dry
bath to stop the hydrolysis. Samples were then centrifuged
(13 000 g, 10 min) and the supernatants were collected and
used for total and reducing sugars analyses.

Enzymatic Saccharification and Fermentation

Biomass enzymatic hydrolysis was performed using
Vicozyme under optimal hydrolysis conditions with 45
FBGU/g DM of biomass of enzymatic load and 10% (w/v)
biomass load. Viscozyme was chosen because of its high
yield compared to Celluclast. Hydrolysis was carried out
in 250 mL Radleys reactor (Carousel 6 Plus Reaction Sta-
tion) with 200 mL of working volume and under the same
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hydrolysis conditions of 44 °C and 500 rpm stirring speed.
The samples were incubated for 24 h and the hydrolysates
obtained after biomass hydrolysis step were transferred
into 500 mL Erlenmeyer flasks, then autoclaved at 121 °C
for 20 min and inoculated with a volume of 10% (v/v)
of Saccharomyces cerevisiae preculture in exponential
growth phase. The fermentation was carried out under
the conditions described in section (I.5) against a non-
pretreated biomass control. The culture medium samples
were taken every 2 h to monitor the fermentation kinetics
according to the methods described in section (L.5).

The statistical analysis of the data was carried out using
the Excel spreadsheet of the Microsoft office software ver-
sion 2013. The tests were carried out in triplicate and the
results were expressed as mean + standard deviation.

Results and Discussions
Physicochemical Characteristics of Sorghum Stem
Biomass Dry Matter and Ash Content

The stalk of S. bicolor ecotype studied had a dry mat-
ter content evaluated on average at 31.74% for the whole
deleafed stem (consisting of bark and marrow). This result
is similar to those of Almodares and Hadi [31] and Gutjahr
et al. [32], who also reported dry matter content evaluated
at 30% of the fresh mass of the studied varieties of sorghuh
stalks. This content was evaluated at 21.90% and 47.89%
respectively for the marrow and the bark (Table 1). The
analysis of these results revealed that the moisture content,
representing the juice content of the stem, is essentially
contained by the marrow, i.e. 78.1% against 52.11% for
the bark. These results are in line with those of Billa et al.
[33] and Djomdi et al. [18] who also worked on the stalks
of sweet sorghum varieties and reported that the moisture
content was higher in the marrow (77%) than in the bark
(56%).

The biomass ash content was quantified at 3.34% of DM
for the whole deleafed stem. It was estimated at 2.90% of
DM in the bark, and at 5.69% of DM in the marrow, i.e.
1.96 times higher than that of the bark. These ash content
values are much higher and in contradiction with those of
Billa et al. [33], who reported ash contents values of 0.3%,
0.2% and 0.5% of DM, respectively for the whole stem,
marrow and bark. They indicated that bark contains 2.5
times more ash than marrow. This variation of ash content
as well as its distribution in different biomass fractions
could be explained by the genotypic characteristics of the
varieties, the specificities of the cultivars studied and the
agronomic conditions.
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Table 1 l?h}fsicochemical Biochemical composition of sorghum stem

characteristics of sorghum stalk

Deleafed stem Marrow Bark

Dry matter (%) 31.74+0.44 21.90+0.24 47.89+0.09
Ash (% DM) 3.34+0.15 5.69+0.09 2.90+0.004
Fiber (% DM) 63.50+1.04 29.59+0.19 75.71+0.09
Hemicellulose (% DM) 16.96+1.62 14.01+0.16 17.78 £0.91
Cellulose (% DM) 18.25+2.03 12.53+0.41 33.75+1.61
Lignin (% DM) 28.60+1.49 3.03+0.18 24.24+0.70
Total sugars (g/Kg DM) 731.69 +5.49 780.44+19.39 384.12+0.09
Soluble sugars (g/Kg DM) 538.22+5.38 628.80+8.84 183.74+6.68
Reducing sugars (g/Kg DM) 377.68 +11.47 326.20+20.24 61.05+11.95
Phenolic compounds (g/Kg DM) 5.20+0.27 4.20+0.20 3.95+0.19

Biochemical Composition of Biomass

The biochemical composition analysis of the whole deleafed
stem of S. bicolor revealed that it contained 63.50% DM
of total fibers, 16.96% DM of hemicellulose, 18.25 DM of
cellulose and 28.60% DM of lignins. This composition vali-
dated the potential of the fibers from these stems as a source
of fermentable sugars accessible after their hydrolysis. This
fibers content is similar to that of certain varieties of sweet
sorghum studied by Amer [34] (62.6% DM), Amélia [35]
(74.7 to 75.5% DM) and Tremblay et al. [36] (56.6% DM).
However, the hemicellulose and cellulose contents are much
closer to those of the varieties studied by Khalil et al. [37]
(11.7 = 17.2 and 20.1-26.1% DM, respectively). Similar
studies carried out by several authors indicated that the
distribution of total fibers into hemicellulose, cellulose and
lignin varies enormously according to the sorghum varie-
ties studied. It was evaluated on average at 10.2; 12.4 and
4.8% DM respectively in hemicellulose, cellulose and lignin
according to variety studied by Billa et al. [33]. It was evalu-
ated on average at 21.2-41.2; 21.9-35.6 and 18.2-21.5%
DM respectively in hemicellulose, cellulose and lignin,
according to those studied by Jolanta et al. [38]. Kim and
Day [39] and Nasidi et al. [40] reported that it was composed
mainly of cellulose (30 to 45% DM), hemicelluloses (16 to
30% DM) and lignins (15 to 20% DM). This biochemical
composition of sorghum stalk is comparable to that of rice
straw whose average composition reported by some authors
in the literature is 28-40%; 22-35% and 12-18% respec-
tively in cellulose, hemicellulose and lignins [41, 42].
Furthermore, this study shows that the stem total fibers
are much more concentrated in the bark, with a content esti-
mated on average at 75.71% DM, i.e. 2.55 times higher than
that of the marrow which was evaluated at 29.59% DM. On
the other hand, most of the sorghum stem lignin was con-
centrated in the bark with contents evaluated on average at
24.25% DM, against 3.03% DM in the marrow. Billa et al.
[33] also reported in their study that the bark contains almost

all of the stem lignin content, with 8.8% DM against 0.6%
DM in the marrow. The hemicellulose and cellulose contents
were evaluated on average respectively at 14.01 and 12.53%
DM and at 17.78 and 33.75% DM, respectively in the mar-
row and the bark. The biochemical composition of the shred-
ded whole stem, in particular its high total fibers content
(63.50% DM), is a major asset making it suitable to be used
as feedstock for the production of additional bioethanol.
Hemicellulose (16.96% DM) and cellulose (18.25% DM)
can be hydrolyzed into simple sugars that can be fermented
into ethanol after a hydrolysis step. However, its relatively
high lignin content (28.60% DM) can affect the hydrolysis
process and would require a prior delignification operation
in order to optimize the hydrolysis yield and therefore the
bioconversion yield of this biomass into ethanol. These
results and others physicochemical characteristics of differ-
ent sorghum stem fractions are summarized in Table 1.

Biomass Sugars Content

The whole deleafed stem sugars content is evaluated on aver-
age at 731.69; 538.22 and 377.68 g/Kg DM, respectively for
total sugars, soluble sugars and reducing sugars (Table 1).
The stem total sugars content of the S. bicolor ecotype stud-
ied in this work was higher than that of the varieties stud-
ied by Crépeau et al. [43] and Crépeau [44]. Indeed, these
authors reported total sugars contents between 56.4 and
104.7 g/Kg DM. It was also higher than those of the varieties
studied by Noura Saied [45] (249.3-256.1 g/Kg DM) and
Djomdi et al. [18] (497.8 g/Kg DM). This study reveals that
the sweet sorghum stem carbohydrate content is mainly con-
centrated in the marrow, with contents estimated on average
at 780.44; 628.80 and 326.20 g/Kg DM respectively in total
sugars, soluble sugars and reducing sugars, against 384.12;
183.74 and 61.05 g/Kg DM, respectively in the bark. This
observation was also reported by Djomdi et al. [18], who
studied the stem sugars content of a sweet sorghum cultivar
from the Far North region of Cameroon, and found sugars
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contents much higher in marrow (228.7 and 55.4 respec-
tively for soluble and reducing sugars) than in the whole
deleafed stem (176.5 and 41.9 respectively). Furthermore,
the results of this study show that the soluble sugars content
of S. bicolor is much higher than that observed by Almo-
dares and Hadi [31], in Quebec with CSSH 45 hybrid sor-
ghum variety (145-298 g/kg DM) or by Noura Saied [45] on
the same hybrid variety (129.39 g/kg DM). These variations
of stem sugars content, observed in sweet sorghums, could
be explained not only by specific genotypic characters of the
races, varieties and cultivars studied, but also by the differ-
ence in agronomic and environmental conditions. Due to its
high content of fermentable free sugars, sweet sorghum stalk
constitutes a viable and sustainable source of raw material
for 2G fuel bioethanol production. This sugar content could
be further enhanced by a hydrolysis operation of the fibrous
part of this biomass, thus improving ethanol productivity.

Biomass Phenolic Compounds Content

The S. bicolor stalks studied has total phenolic compounds
contents evaluated on average at 5.2; 4.2 and 3.95 g/Kg DM,
respectively for the whole stem, pith and bark. These phe-
nolic compounds values are much lower than those reported
by Hao et al. [46], who studied the BJ0602 variety of sweet
sorghum grown in China and obtained stalks phenolic com-
pounds contents evaluated on average at 2.21 mg/g. Ring
et al. [47] also studied the evolution of phenolic compounds
on different sorghum tissues (caryopes, glumes, stems, and
leaves) during its growth, and reported that the phenolic
compounds of the stem, quantified at 4.8 mg/g, varied very
little during its growth and after its physiological maturation.
Similar observations were also reported by Sereme et al.
[48] who indicated phenolic compound contents <2% DM in
sorghum caudatum stems and also noticed very small varia-
tions of stem phenolic compounds compared to other tissues
(sheaths, leaves and roots) during sorghum growth. These
low contents of sorghum stem phenolic compounds observed
in this study are a major asset, since phenolic compounds
have a negative impact on microbial growth and metabolism
and at high concentrations, can act as an antimicrobial com-
pounds [46, 49, 50] and therefore negatively impact the etha-
nol production from microbial fermentation. As a result, the
productivity of bioethanol from the stems of the S. bicolor
variety studied would not be significantly impacted with
regard to the low levels of phenolic compounds observed.

Bioethanol Production from Different Biomass
Fractions

Traditionally, the process for producing ethanol from sweet

sorghum stalks involves the extraction stage followed by
juice filtration and fermentation. Several research works
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have made it possible to improve the performance and yield
of fermentable sugars extraction. However, extraction tech-
niques remain laborious and consuming a lot of water and
energy [51]. This study aims to do the proof of concept of
eliminating this juice extraction in order to improve the
performance of ethanol production process from this bio-
mass. The fermentation of whole stem and marrow crushed
(particle size <1 mm) was tested and compared to that of
corresponding juice extracted by mechanical pressing. Fer-
mentation kinetics of different biomass fractions were shown
in Fig. 3.

The fermentation yields evaluated on average at 0.45; 0.50
and 0.49 g of ethanol/g of consumed sugars were obtained
respectively for juice, marrow and whole stem (Fig. 4). The
direct fermentation of ground whole stem and marrow yields
slightly higher than that of juice fermentation. These results
show that the fibrous particles (contained in the whole stem
and marrow samples) did not impact the yield of ethanol
production by Saccharomyces cerevisiae. These results are
in line with the observations of Jia et al. [17], who reported
that the fibrous particles contained in sweet sorghum juice
did not impact the fermentation yield (0.428 — 0.437 and
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0.429-0.434 g of ethanol/g of consumed sugars, respectively
for filtered and unfiltered juice). Authors concluded that the
juice filtration step was not necessary. A similar observation
was also reported by Balint et al. [11], who noticed that there
was no significant difference in the yields of ethanol pro-
duction from sorghum stalk juice extracted with or without
leaves, the yields were 0.42-0.45 g Eth/g consumed sugars.
On the other hand, they noticed a significant difference in
sugar content between the samples of juice extracted in dif-
ferent ways, the extracts without leaves had sugar contents
about 20% higher.

Furthermore, the conversion yields obtained were evalu-
ated at 165.44; 252.62 and 184.87 g of ethanol/Kg DM,
respectively for juice, marrow and whole stem. These results
show that the direct fermentation of shredded stem and pith
presents much higher biomass conversion yields compared
to that of corresponding juice extracted by mechanical press-
ing. This could be explained by the fact that the mechanical
pressing extraction process presents a low yield of ferment-
able sugars extraction. On the other hand, direct fermen-
tation uses almost all the sugars. These conversion yield
values obtained in this study are higher than those obtained
by Khalil et al. [37], who evaluated the efficiency of ethanol
production from the juice and bagasse of five sweet sor-
ghum varieties and obtained maximum overall production of
160 mL/g DM with SS-301 variety. The results of this study
show that the juice extraction step, which consumes a lot of
water and energy, could be dispensed.

Biomass Enzymatic Hydrolyse

Two enzymatic cocktails were tested on different stem frac-
tions (whole stalk and pith) in order to determine the best
suited to the saccharification of this biomass. Enzyme load is
one of the most important factors influencing the efficiency
of enzymatic hydrolysis process [52]. To compare the effec-
tiveness of the enzyme cocktails, three different enzymatic
loads were studied for each of the two enzymes studied (15,
30 and 45 U/g DM of biomass; and 15, 30 and 45 FBGU/g
DM of biomass) respectively for Celluclast and Viscozyme.
The hydrolysis kinetics, studied through the evolution of
reducing sugar content, are summarized in Figs. 5 and 6.

Influence of Enzyme Load on Saccharification

The saccharification efficiency was influenced by the
enzyme load. The reducing sugar content increased logi-
cally with increasing enzymatic load for a fixed biomass
(Fig. 5). For example, at 5% of biomass load, the concentra-
tion of reducing sugars, initially evaluated at 62 g/Kg DM,
reached 109.03 and 136.01 g/Kg DM, respectively for cel-
luclast enzymatic loads of 15 and 45 U/g DM (Fig. 5C).
These concentrations reached 116.16 and 142.22 g/Kg DM

respectively for Viscozyme using 15 and 45 FBGU/g DM
with the same biomass concentration of 5% (Fig. 5D). A
similar observation was reported by Zeghlouli et al. [53],
who experimented ethanol production via enzymatic hydrol-
ysis of argan pulp using Celluclaste 1.5 L and Viscozyme
L. These authors obtained reducing sugars concentrations
of 700.36 and 723.36 g/Kg DM, respectively for Cellucla-
ste and Viscozyme with a biomass load of 2% (w/v). Jin
et al. [42], also tested the production of ethanol after the
enzymatic hydrolysis of rice straw pretreated with NaOH.
Enzyme loading in a range of 50 to 200 FPU/mL were stud-
ied and the maximum yield of reducing sugars (529.90 g/
Kg) was obtained after 20 h of hydrolysis with an enzymatic
load of 200 FPU/mL. Deliana et al. [54], also studied the
enzymatic hydrolysis of empty fruit bunch and indicated that
the enzyme concentration strongly influences the speed and
yield of hydrolysis (6.2% against 10.67% concentrations in
glucose equivalent were obtained after 72 h of hydrolysis at
10 FPU and 40 FPU respectively). This study reveals that
Viscozyme has better saccharification yields with a maxi-
mum concentration of reducing sugars evaluated at 188.68 g/
Kg DM after 24 h of hydrolysis with an enzymatic load
of 45 FBGU/g DM and 10% (w/v) biomass concentration
(Fig. 5F). The maximum concentration of reducing sugars
was 170.37 g/Kg DM after 48 h of hydrolysis using Cellu-
clast at 45 U/g DM and 10% (w/v) biomass load (Fig. SE).

Similar results were obtained testing the impact of the
enzymatic load on the marrow saccharification (Fig. 6).
However, a significant difference in hydrolysis speed and
yield was observed between the two enzymatic cocktails
studied. At 2% of biomass for example, the concentrations
of reducing sugars initially evaluated at 4.5 g/Kg DM,
reached 15.91 and 109.41 g/Kg DM after 2 h of hydrolysis
respectively with Celluclast at 45 U/g DM and Viscozyme
at 45 FBGU/g DM (Fig. 6A and B) for maximum concentra-
tions of 42.08 and 158.01 g/Kg DM respectively, after 24 h
of hydrolysis. This indicates that Viscozyme has the best
marrow hydrolysis yield with a higher hydrolysis rate com-
pared to Celluclast. This phenomenon could be explained
by largest diversity of polysaccharide hydrolases in Viscoz-
yme compared to Celluclast which is mainly composed of
cellulases [53]. Furthermore, this could also be explained
by the fact that the pith contains a relatively low lignin
content compared to the whole stem (28.60 + 1.49 against
3.03 +£0.18 respectively for the whole stem and marrow
(Table 1)), which could accelerate the marrow enzymatic
digestibility.

Effect of Biomass Load on Saccharification
The influence of biomass concentration was studied by

monitoring the evolution of total soluble sugar content
during the enzymatic hydrolysis of different biomass
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Fig.5 Whole stem enzymatic hydrolysis kinetics at different enzymatic loads (15, 30 and 45 U/g DM) Celluclast and (15, 30 and 45 FBGU/g
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fractions. Figure 7 shows that for the two biomass frac-
tions studied (whole stem and pith), the total soluble sugar
content increased with increasing biomass concentration
for both Celluclast and viscozyme. For example from 5
to 10% (w/v) of whole stem hydrolysis with Celluclast at
45 U/g DM, total sugars increased from 6.22 to 16.07 g/L
respectively (Fig. 7A) and from 7.30 to 23.08 g/L respec-
tively, for hydrolysis with Viscozyme at 45 FBGU/g
DM (Fig. 7B). The same result was observed with other
fractions. For example from 2 to 5% (w/v) of marrow an
increase of total sugars from 0.8 to 4.93 g/L respectively
was observed with Celluclast at 30 U/g DM (Fig. 7C) and

@ Springer

from 4.98 to 9.68 g/L with Viscozyme at 30 FBGU/g DM.
Similar observations were reported by Qiu et al. [55], who
studied the influence of substrate load during the enzy-
matic hydrolysis of wheat straw pretreated with phosphoric
acid and hydrogen peroxide. Four substrate loadings were
tested, and the results showed that the higher glucose con-
centrations were correlated with the higher biomass con-
centrations. However, contrary to these observations, some
authors have reported in the literature that high substrate
concentrations resulted in hydrolysis inhibition with low
hydrolysis yields [56]. The extent of substrate inhibition
depends on total substrate/total enzyme ratio [57, 58].
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Improving Ethanol Production Yield: Hydrolysates
Fermentation

In order to improve the yield of ethanol production, Vis-
cozyme, presenting better saccharification yields com-
pared to Celluclast, was used to carry out the enzymatic
hydrolysis of different fractions of sorghum stalks. The
optimal conditions (Viscozyme at 45 FBGU/g DM and
10% (w/v) of substrate concentration) were used and the
hydrolysates were fermented by Saccharomyces cerevi-
siae against a corresponding untreated biomass fraction
control. The fermentation kinetics followed through the

production of ethanol and the consumption of total sugars
in the reaction media are presented in Figs. 8 and 9.

The ethanol conversion yields, evaluated on average at
212.01 and 270.32 g Eth/Kg DM were obtained respec-
tively for the untreated and treated whole stem (Fig. 10A).
This indicates that the fermentation of the hydrolyzate
of the whole stem treated with Viscozyme made it pos-
sible to increase bioconversion in ethanol of the order of
27.50% compared to the fermentation of the untreated stem
(Fig. 10B). The same bioconversion yields were evalu-
ated at 276.74 and 349.86 g Eth/Kg DM, respectively for
the untreated and treated marrow (Fig. 10A). This also
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indicates a rate of increase in the order of 26.42% between
fermentation of untreated and treated marrow (Fig. 10B).
These results show that enzymatic hydrolysis makes it pos-
sible to obtain a significant increase in the rate of biomass
bioconversion. These results also indicate that expressed
in terms of rate of increase in ethanol production yield, it
would be more beneficial and profitable to treat the whole
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stem (richer in total fiber (Table 1)) which releases more
additional sugars compared to the pith.These ethanol yields
increases compared to the consumption of total sugars in
hydrolyzates were evaluated at 39.63% and 28.14% respec-
tively for the treated and untreated whole stem fractions
and between the fractions of treated and untreated marrow
(Fig. 10B). These conversion efficiencies are significantly
higher than those reported by Sudiyani et al. [59], who also
experimented ethanol production after enzymatic hydrolysis
(at 30 FPU of Cellic®Ctec2 and Cellic®Htech2 enzymes)
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of sweet sorghum stalk bagasse pretreated with 10% (w/v)
NaOH. The bioconversion yields after fermentation of the
hydrolyzate by S. cerevisiae were 178.34 and 110.66 L/ton
respectively by the process of simultaneous saccharification
and fermentation (SSF) and separate hydrolysis and fer-
mentation (SHF). Similarly, Jin et al. [42] experimented the
production of ethanol after enzymatic hydrolysis (20 FPU/
mL) of rice straw pretreated with 1% NaOH and obtained
a maximum yield of 189 g Eth/Kg DM after fermentation
of the hydrolyzate by Saccharomyces tanninophilus. Bahry
et al. [29] also experimented the production of ethanol from
carob waste hydrolyzed by sulfuric acid. They reported that
the fermentation yield of waste in solid state by S. cerevisiae,
was evaluated at 155 g/Kg and was higher than that of the
fermentation of waste extract in liquid phase which, was
limited to 78 g/Kg.

These results show that the process for ethanol produc-
tion tested by this study makes it possible to significantly
improve the yield of conversion of sorghum stalks into etha-
nol. It is a green and environmental friend process, efficient
and more suitable for sustainable development policy com-
pared to other ethanol production methods from lignocel-
lulosic feedstock.

Conclusion

This study aimed to improve the bioconversion of sweet
sorghum stalks into ethanol. The direct fermentation pro-
cess (without juice extraction) of ground whole stem experi-
mented in this study significantly improved the efficiency
of the ethanol production process. The conversion yields
were 165.44; 252.62 and 184.87 g Eth/Kg DM of biomass
respectively for juice, marrow and whole stem. Enzy-
matic hydrolysis applied to different shredded (particle
size <0.5 mm) biomass fractions (whole stem and marrow)

showed that Viscozyme led to better biomass saccharifica-
tion yield compared to Celluclast. The optimal conditions
(Viscozyme at 45 FBGU/g DM and 10% (w/v) of biomass
concentration) made it possible to obtain increases in total
sugar concentrations evaluated at 23.08 and 21.39 g/L after
24 h of hydrolysis, respectively for whole stem and pith
hydrolysates. The fermentation of the subsequent hydro-
lysates by S. cerevisiae made it possible to significantly
increase the biomass conversion yields. The bioconversion
yields were 212.01 and 270.32 g Eth/Kg DM respectively
for the untreated and treated whole stem fractions, i.e. a rate
of increase of 27.50%. They were 276.74 and 349.86 g Eth/
Kg DM, respectively for the untreated and treated marrow
fractions, i.e. a rate of increase of 26.42%. Contrary to the
usual process, this study reveals that the juice extraction
step, which consumes a lot of water and energy could be
dispensed improving the performance and efficiency of the
ethanol production process from sweet sorghum stalks. The
performance of this new process was further enhanced by
a saccharification treatment of the biomass lignocellulosic
fraction using cellulolytic enzymes. However, since xylose,
which is one of the main sugars obtained after saccharifica-
tion of the lignocellulosic fraction of this biomass, is not
consumed by S. cerevisiae, it would also be relevant for the
future studies to explore the fermentation of biomass hydro-
lyzate in mixed culture between S. cerevisiae and Z. mobilis,
or by other strains of microorganisms such as Pachysolen
tannophilus, Clostridium thermohydrosulfuricum, S. tanni-
nophilus, etc., capable of fermenting pentoses.
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