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ABSTRACT

The current work aimed to determine the efficiency of bioethanol production from cashew
apples. To optimize bioethanol production yield, the juice extracted by mechanical pressing of cashew
apples was concentrated into normal gravity (NG) must (20°Brix) and very high gravity (VHG) must
(28°Brix). A parallel experiment was conducted using sucrose as a fermentable model substrate.
Urea was added to enhance the fermentation capacity of the yeast. Batch and fed-batch fermentation
processes were monitored by refractometric method, and the alcoholic content of the musts was
determined using pycnometric method. The results showed that the ethanol produced rates (% vol.)
with urea (2 g/L) in VHG must by the fed-batch process, and in VHG and NG musts by the batch
process, were as follows: 16.36, 15.44, and 9.62, respectively. In comparison, ethanol obtained rates
without urea were 15.37, 14.37, and 10.34 under the same conditions. Juice concentration, urea
addition, and fed-batch fermentation process were used to optimize bioethanol production yields
from cashew apples. In fact, the technology of bioethanol production adopted in the current study
would generate additional benefits for farmers.

Keywords: Global warming, Cashew apple, Bioethanol,
Environmental protection, Additional benefits.

INTRODUCTION

In recent years, the international
community's greatest concerns have been energy
and environmental issues’. Indeed, the relentless
rise in the price of petroleum products, the depletion
of fossil fuel sources and the exacerbation of
greenhouse gas (GHG) emissions are the main

reasons for researchers to propose innovative
alternatives able to reduce dependence on fossil
fuels and protect the environment?34,

To gain autonomy from pollutant
energies, biofuels offer interesting prospects,
as they are derived from inexhaustible sources®.
In fact, biofuel technology is now recognized
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worldwide as a highly promising strategy for
the substitution of fossil fuels in the future®'.
Consequently, there has been growing interest
in recent years in discovering the appropriate
mechanisms by which biofuels can be produced
in sufficient quantities and without harm to the
whole of humanity”. Indeed, rising petrofuel
prices, geopolitical conflicts and permanent
political instability in supply sites have made
biofuel production highly competitive today?®1°.
Biofuel, by definition, refers to a liquid or
gaseous fuel produced from plants, as distinct
from petroleum-based fuel, whose combustion
generates energy predestined for running
vehicle engines and industrial machinery.
Bioethanol and biodiesel are the main biofuels
recognized worldwide due to the maturity of
their production technologies''. Then, their
use as credible alternatives is justified by the
fact that their physicochemical and energy
characteristics are very similar to those
of conventional fuels. Nevertheless, their
use in conventional engines is not without
drawbacks. However, the presence of water
in bioethanol or biodiesel can seriously cause
dysfunctions in combustion engines originally
designed for gasoline and diesel consumption
respectively'®'3, Due to the imminent decline
in fossil fuels, several environmental problems
and the global warming triggered by the use
of petroleum resources'*'s, bioethanol is now
becoming the best substitute for gasoline, the
most consumed fuel in the transport sector'®.
However, one of the thorny issues undermining
the development of the bioethanol sector,
especially first-generation bioethanol, is its
strong competition with human foodstuffs'”18.
Added to this, there is also the limited ethanol
tolerance of fermentative microorganisms and
the highly diversified structural characteristics
of the feedstocks available for use'. In fact,
there are three fundamental types of feedstocks
for bioethanol production: sugar substrates,
starch products and lignocellulosic biomass?.
At the current stage of bioethanol development,
nothing is better than sugar feedstocks'.
Feedstocks, being initially rich in fermentable
sugars, enable higher bioethanol yields to
be achieved with simple, quick-to-implement
technologies. In contrast, starchy biomasses
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and especially lignocellulosic biomasses require
complex technologies leading ultimately to very
low bioethanol yields'"2'. The main problem with
starch and lignocellulosic biomass is that they
cannot be directly fermented. Therefore, before
they can be fermented into bioethanol, they
must be processed through a depolymerization
stage of starch, cellulose and hemicellulose, to
produce fermentable monomeric sugars such
as glucose'22. Depending on the polymerization
stage, these polymers require one or more pre-
treatments to transform the complex polymer
chains into simple sugars. This stage, which
is often slow and energy-intensive, enables
bioethanol to be produced, but the cost is still
not competitive with petrofuels' 2324 Today,
bioethanol production is threatened by two
serious obstacles. Firstly, it is causing famine due
to the misappropriation of agricultural products
and arable land to grow crops exclusively for
energy purpose?526. Secondly, conversion of
non-food plant products, notably lignocellulosic
biomass, into bioethanol requires significant
resources, strategies and time, but regrettably
leads to very poor bioethanol yields?”. So, the
question arises as to how best to overcome
these two obstacles?®.

In short, bioethanol production with
good yields is hampered by non-optional
exploitation of food crops intended for human
consumption. To avoid competition between
bioenergy and food, the use of non-edible
agricultural products, rich in fermentable
sugars, appears to be one of the most promising
alternatives for bioethanol production.

In Togo, cashew crop is a mainly grown in
four regions: “Central Region, Savannas Region,
Kara Region, and Plateaux Region”, for cashew
kernel production, mainly for export. However,
cashew kernel production generates a significant
amount of cashew apples, which rot in the crops.
Currently, there are no specialised industries in
Togo for extracting cashew apple juice. As this fruit
is highly perishable and there is almost no means
of preservation, nearly all cashew apples rapidly
degrade in the crops. Yet, the juice from cashew
apples, which is rich in fermentable sugars, can be
valorized into value-added products, particularly
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bioethanol. So, in order to avoid all the severe
criticisms levelled at the use of food products for
energy purposes, we are turning our attention
cautiously to the use of agricultural residues, which
are both rich in fermentable sugars and non-food,
to better integrate bioethanol into the energy mix of
our country, Togo.

This approach has a twofold advantage,
in particular high-yield bioethanol production and
the fight against hunger in Togo. With this the
background, the current work deliberately focused
on the development of innovative techniques to
optimize the production of 15t generation bioethanol
from cashew apple, which until now have been
widely viewed as a waste product, often neglected
in cashew crops in Togo. This will add value to the
apples for the benefit of those involved in cashew
nut crops in Togo.

MATERIALS AND METHODS

Raw material

To produce bioethanol, cashew apples
used as the raw material (Fig. 1) were harvested in
February 2022 in Atakpamé, a city located about 162
km from Lomé, the capital town of Togo. After their
arrival into the laboratory, the apples were washed,
and packed in plastic bags and stored in a freezer
set at -23°C to prevent any potential degradation
before their subsequent processing.

Fig. 1. Photograph of cashew apples used as raw material

Physicochemical characterizations of the raw
material
Water and volatile matter content determination
For this characterization, 5 g of cashew
apples contained in a Petri dish were heated in an
oven at 103 = 2°C until all water and volatile matter
have been removed. Water and volatile matter
content (Vc) is determined by formula 12°.

(1)
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Where: WF = Weight of the fresh cashew
apples + Petri dish before their introduction into the
oven; WD = Weight of the dried cashew apples +
Petri dish after their introduction into the oven; WE=
Weight of the empty Petri dish; and Vc = Water and
volatile matter content.

Dry matter rate measurement

Dry matter (Dm) is defined as the
percentage by weight (%) of the dry matter of an
organic substance in relation to its wet matter. In
practice, this percentage was deduced from the
determination of water and volatile matter (Vc)
content, according to formula 2.

Dm + Ve = 100% @)

Ash content evaluation

Experimental protocol followed was to burn
5 g of cashew apples in a muffle furnace set at 550°C
for two hours. The operation was carried out with a
thermal gradient of 10°C/minute. After destruction and
total elimination of organic matter in inorganic form,
made up of gases escaping from the crucible, the ash
content (Ac) was calculated according to formula 3°.

3)

Where: Ac = Ash content of the cashew
apples; Wo = Mass of the empty crucible; W, =
Total mass of the crucible and the sample before
incineration and W, = Total mass of the crucible and
the ashes after incineration.

Pretreatment of the raw material

Cashew apples removed from the freezer
were first washed, and then crushed by a mill.
The crushed product is a mixture of liquid rich
in fermentable sugars and fibrous residues. This
mixture was first sieved, and the liquid collected
was filtered by filter paper placed in a glass funnel.
This mixture was first sieved and the recovered
liquid filtered through filter paper inserted in a
glass funnel. By heating without refluxing, the
recovered filtrate, known as juice or raw must
(13°Brix), was concentrated into two types of
musts: normal gravity (NG) must (20°Brix) and very
high gravity (VHG) must (28°Brix). After cooling to
room temperature (30-32°C), these musts were
carefully prepared and stored in a freezer (-23°C)
for subsequent operations.
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For comparison purposes, sucrose
musts with concentrations identical to those
of cashew apple musts (20°Brix and 28°Brix),
were also prepared. Ethanolic fermentation of
sucrose musts served as a model to be applied
in the current work for bioethanol production from
cashew apple. Before their usage, all previously
prepared musts were first heated to 85°C for 20
min to eliminate all microbial flora, then cooled
down to room temperature®3'.%2,

Ethanolic pre-fermentation

Pre-fermentation is the initial stage before
proper ethanolic fermentation. At this stage, a
fermentation inoculum was prepared with 1/10
each must (20°Brix or 28°Brix) volume, mixed
with baker's yeast of the genus Saccharomyces
cerevisiae (1 g/L), and urea required as a growth
factor, in a concentration range of 0-8 g/L. The
resulting mixture was left to ferment anaerobically
at room temperature (30-32°C) for 24 h, to allow the
fermenting microorganisms to acclimatize to their
culture medium.

Start-up for ethanolic fermentation process

Each pre-fermented must was mixed
with the remaining 9/10 volume of must waiting
for the proper ethanolic fermentation. The pH was
then adjusted to the optimum value of 4.5%. The
mixture was well stirred and left to ferment at room
temperature (30-32°C). In practice, two ethanol
fermentation processes were applied, specifically:
batch and fed-batch fermentation.

Ethanolic fermentation control and alcoholic
content analysis

The ethanolic fermentation reaction
was monitored for thirty (30) days after the
beginning of fermentation, by gaging total soluble
matter (TSM), expressed in Brix degree, with
Azzota Abbe refractometer, AR-2 model?*. When
the fermentation was accomplished, the final
attenuation limit (FA) of each fermented must was
calculated by formula 4.

FA = [(Initial Brix — Final Brix)/Initial Brix] x 100% (4)

The ethanol content in the musts at the
end of fermentation was determined by pycnometric
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method as recommended by AOAC (Association of
Analytical Chemists) 982.10.

RESULTS

Physicochemical characteristics of cashew apples

Physicochemical parameters such as
water and volatile matter content (Vc), dry matter
rate (Dm), mineral matter or ash content (Ac),
and organic matter (Om) rate of the cashew
apple from Atakpame are presented in 2D pie
chart (Fig. 2).

Fig. 2. Physicochemical characteristics of cashew apple
from Atakpame

The data displayed in this diagram
indicated that cashew apple has a water and volatile
matter content (Vc) of 71.17 + 1.20%, while the
dry matter rate or dryness (Dm) of 28.79 + 1.16%
corresponds to a mineral matter (or ash) content
(Ac) of 2.76 + 0.93% and an organic matter rate
(Om) of 26.03 + 0.33%.

Impacts of urea on ethanol fermentation of
sucrose musts
Impact of urea on the evolution of soluble matter
content in sucrose musts during batch ethanol
fermentation

Evolution of total soluble matter (TSM)
rate in NG an VHG sucrose musts during batch
ethanolic fermentation process, as influenced by
different urea concentrations, is shown in Fig. 3
and Fig. 4.

The relative positions of the curves
presented in Fig. 3 and Fig. 4 illustrated the
crucial role of urea in the efficiency of sucrose
consumption, which is reflected TSM reduction
in the musts.
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Fig. 3. Impact of urea on TSM reduction during batch ethanolic
fermentation process of NG sucrose must versus time

Fig. 4. Impact of urea on the reduction of TSM during batch
ethanolic fermentation process of VHG sucrose must
versus time

Impact of urea on ethanol rate produced by batch
ethanolic fermentation of sucrose musts

The ethanol production rate (EPR: %
vol.) by batch ethanolic fermentation process of
NG sucrose musts and VHG sucrose musts, as
a function of urea concentrations (0-8 g/L) was
presented in Fig. 5. Ethanol rate values range
between 8.47 + 0.15% to 14.50 + 0.24% (vol.) and
7.78 £ 0.14% to 15.16 + 0.76% (vol.), respectively
for NG sucrose musts and VHG sucrose musts.

Fig. 5. Impact of urea on ethanol production rate (EPR) by
batch fermentation process of NG and VHG sucrose musts
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Impact of urea on experimental yield of bioethanol
production from batch fermentation process of
sucrose musts

Experimental yields (EY) of bioethanol
production in batch ethanolic fermentation process
with NG and VHG sucrose musts, as a function of
urea concentration, were recorded in Fig. 6.

Fig. 6. Impact of urea on EY of ethanol production by batch
fermentation process of NG and VHG sucrose musts
EY: Experimental yields

Impact of urea on the evolution of sucrose must
concentration during fed-batch fermentation
process

Fig. 7 shows the profiles of curves
illustrating the variation in TSM content of sucrose
musts during ethanolic fermentation in fed-batch
process, depending on urea concentration. There is
a large disparity between the curves for unenriched
musts compared to those containing urea.

Fig. 7. Impact of urea on TSM content reduction, during
fed-batch fermentation process of NG and VHG sucrose
must depending time TSM: Total soluble matter

Impact of urea on EPR by fed-batch fermentation
process of sucrose musts

Table 1 plots the EPR for fed-batch
fermentation process of sucrose must, as a function
of urea concentration.
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Table 1: Impact of urea on EPR from fed-batch
fermentation of sucrose must
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Table 3: Final attenuation (FA) of NG and VHG
sucrose musts

Urea (g/L) EPR (% vol.) of VHG sucrose must in
fed-batch fermentation process
0.00 07.60+0.30
2.00 16.48+0.24
4.00 15.18+£0.77
8.00 14.69+0.39

EPR: Ethanol production rate
Impact of urea on the bioethanol production yield
from fed-batch fermentation of sucrose musts
EY (%) of bioethanol production by fed-
batch fermentation process of VHG sucrose must,
depending urea concentration are recorded in
Table 2. The maximum EY of 75.07 + 1.11% was
obtained with 2 g/L of urea.

Table 2: Impact of urea on EY of bioethanol
production by fed-batch fermentation process of
VHG sucrose must

Urea (g/L) EY (%) of bioethanol production by fed-batch
fermentation process of VHG sucrose must
0.00 34.59+1.36
2.00 75.07+1.11
4.00 69.13+3.49
8.00 66.90+1.79

EY: Experimental yield; VHG: Very high gravity
Performance comparison of the three
fermentation methods of bioethanol production
with sucrose

The results presented in Table 3 show
that, the final attenuation (FA) values of ethanolic
fermentation of NG sucrose musts are higher than
those of VHG musts. The presence of urea in the
musts had a beneficial effect on the FA values. In
addition, fed-batch fermentation process achieved
higher FA values than batch fermentation process
of VHG sucrose must. Meanwhile, FA values of
NG sucrose must, fermented by batch process,
were significantly higher than those of VHG
sucrose must. In contrast, FA values of NG
sucrose must, fermented by batch process, were
significantly higher than those corresponding to
batch fermentation process of VHG sucrose must.

Tables 4 and 5 compare EPR and
EY of bioethanol production by the three
fermentation methods with NG and VHG
sucrose, respectively.

Final Attenuation (%) of sucrose musts

Urea (g/L) NG/Batch VHG/Batch VHG/Fed-batch
process process process
0.00 26.00+1.41 20.97+0.66 23.50+2.12
2.00 66.25+1.77 51.79+2.52 56.07+1.51
4.00 68.75+1.72 47.32+1.27 52.00+2.83
8.00 61.50+2.12 43.77+1.29 46.72+0.40

FA: Final attenuation; NG: Normal gravity; VHG: Very high gravity

Table 4: Impact of urea on EPR by the three
fermentation methods of bioethanol production

EPR (% vol.) with sucrose musts

Urea (g/L) NG/Batch VHG/Batch VHG/Fed-batch
process process process
0.00 8.47£0.12 7.78+0.11 7.60£0.30
2.00 14.50+0.18 15.16+0.86 16.48+0.24

EPR: ethanol production rate

Table 5: Impact of urea on EY of ethanol production
by the three fermentation methods with NG and
VHG sucrose must

EY(%) of ethanol production with sucrose musts

Urea (g/L) NG/Batch VHG/Batch VHG/Fed-batch
process process process
0.00 53.92+0.74 35.4340.48 34.59+1.36
2.00 92.43+1.12 69.10+3.90 75.07+1.11

EY: Experimental yield

These results highlight the benefits of
bioethanol production optimization with sucrose
through urea addition at 2 g/L.

With these interesting results found in the
current study with NG and VHG sucrose musts, we
decided to implement the technique of adding urea
(2 g/L) for bath and fed-batch fermentation processes
of cashew apple musts.

Impacts of urea on the fermentation of cashew
apple musts
Impact of urea on TSM content in NG and VHG
cashew apple musts during batch fermentation
process

The variation of TSM content in NG and
VHG cashew apple musts during batch fermentation
process is shown in Fig. 8 and Fig. 9.
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Fig. 8. Impact of urea on the reduction of TSM during batch
fermentation process of NG must of cashew apple versus time

Fig. 9. Impact of urea on the reduction of TSM during
batch fermentation process VHG must of cashew
apple versus time

The shape of the curves depicted in
Fig. 8 and Fig. 9 indicates that there is no significant
difference between the pure must and the must
supplemented with 2 g/L of urea.

Impact of urea on EPR by batch fermentation
process of cashew apple musts

EPR by batch fermentation process of NG
and VHG musts of cashew apple, conferring to urea
concentration, is shown in Fig. 10. The results indicate
that VHG must of cashew apple achieved the highest
EPR compared to NG must of cashew apple. Although
the addition of 2 g/L of urea led to an increase in
EPR for the VHG must of cashew apple, in contrast,
i.e., a decrease in EY of bioethanol production, was
observed for NG must of cashew apple.

Impact of urea on EY of bioethanol production
by batch fermentation process of the musts of
cashew apple

EY of bioethanol production by batch
fermentation process of NG and VHG musts of
cashew are exposed in Fig. 11.
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Fig. 10. Impact of Urea on EPR by batch fermentation
process of NG and VHG musts of cashew apple

Fig. 11. Impact of urea on EY of bioethanol production
fermentation of NG and VHG musts of cashew apple
Urea addition with concentration of
2 g/L increased EY by 4.88% with VHG must of
cashew apple. However, with NG must of cashew
apple, a decrease in EY of bioethanol production,
approximately 4.67%, was detected.

Impact of urea on TSM content in cashew apple
musts during fed-batch fermentation process

Fig. 12 illustrates TSM evolution in NG
and VHG musts of cashew apple, during fed-batch
fermentation process.

Fig. 12. Impact of urea on TSM content during fed-batch
fermentation process of cashew apple musts versus time
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Relative positions of the two curves
shown in Fig.12 indicate that in the latter stages of
fermentation, the decrease of TSM in VHG must of
cashew apple is greater than the case of NG must
of cashew apple.

Comparison of the three fermentation methods
of bioethanol production with cashew apple

Final attenuation comparison of fermented musts

The results presented in Table 6 specify that
FA of VHG and NG musts of cashew apple with urea
(2 g/L) addition are higher than unenriched musts
across the three fermentation methods applied
in the current work. However, fermentable sugar
consumption by this fermentation process was less
efficient compared to batch fermentation process of
VHG must of cashew apple.

Table 6: FA of the musts of cashew apple,

fermented by the three methods of bioethanol
production

FA (%) of cashew apple musts

Urea (g/L) NG /Batch VHG/Batch VHG/Fed-batch
process process process
0.00 53.60+1.98 58.04+1.27 50.324+2.38
2.00 62.50+3.54 61.56+1.34 58.04+3.78

FA: Final Attenuation

Impact of urea on EPR by fed-batch fermentation
process of cashew apple must

Table 7 records EPR of bioethanol by
fed-batch fermentation process of VHG cashew
apple musts. Urea (2 g/L) usage increased EPR
by approximately 0.99% (vol.). In large-scale
production, this increase is beneficial for boosting
the business's financial viability.

Table 7: Impact of urea on EPR of bioethanol
production by fed-batch fermentation process of
VHG cashew apple must

Urea (g/L) EPR (% vol.) of bioethanol production of VHG
cashew apple must
0.00 15.3740.10
2.00 16.36+0.24

Impact of urea on EY of bioethanol production
by fed-batch fermentation process of VHG must
of cashew apple

Table 8 displays the experimental yield of
bioethanol production in batch fermentation process
with NG and VHG musts of cashew apple. The results
attest how 2 g/L of urea addition increased EY of
bioethanol production by fed-batch fermentation
process by around 4.48% with VHG cashew must.
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Table 8: Impact of urea on EY of bioethanol
production by fed-batch fermentation process of
VHG must of cashew apple

Urea (g/L) EY (%) of ethanol fermentation in fed-batch
fermentation of VHG must of cashew apple
0.00 70.01+0.44
2.00 74.49+1.10

EY: Experimental yields
DISCUSSION

The percentage of water and volatile matter
of cashew apples is around 71.17% of the fresh
mass of harvested apples. This high humidity and
proportion of fermentable sugars in the raw juice
(13°Brix) of cashew apple can be detrimental to the
preservation of the fruits for bioethanol production.
Indeed, with the presence of water in very high
quantities in cashew apples very rich in fermentable
sugars, the rate of degradation of organic matter may
be exponential during their preservation. Hence,
there is a need to process them quickly on site close
to the crop of cashew apple®*3%2°, Nevertheless, the
mineral content or ash content (Ac) of cashew apple
(2.76 + 0.93%) is lower than that of pineapple peels
(5%) processed into bioethanol by?°. The presence
of these minerals would be a powerful benefit for
bioethanol production. Indeed, the presence of
some mineral elements, such as Mg, Zn, K, Ca, Co,
Cl, Cu, Fe, etc., has a positive impact on ethanol
fermentation rates®®%.

In contrast, the organic matter content (26.03
+0.33%) of cashew apple is very low compared to that
(81%) of pineapple peel?®. This rate reflects the fraction
of plant biomass derived from the photosynthesis
mechanism carried out by the cashew plant during
the effective conversion of atmospheric CO, into
carbonaceous substances, including carbohydrates,
convertible into bioethanol®®. With its substantial
organic matter content, the cashew apple emerges as
a potential source for bioethanol production®. To give
credibility to the bioethanol industry, two conditions
are required: the first is a complete renunciation of
edible feedstocks, and the second is the deployment
of high-yield bioethanol technologies. If these two
conditions are achieved, bioethanol industry will
receive all support needed from the international
community, especially political decision-makers as
well as human rights activists, consumer associations,
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non-governmental organizations (NGOs), and funding
agencies. Therefore, it is necessary to find blameless
alternatives for bioethanol sector. For this reason, our
strategy focuses on the use of agricultural residues
which are potentially rich in fermentable sugars,
in particular cashew apple, to produce bioethanol.
In addition, in view of ensuring process efficiency,
must enrichment with a growth factor such as
urea, raw juice transformation (13°Brix) into higher-
concentration musts (20°Brix and 28°Brix), and
batch fermentation process modified to fed-batch
technology, were the various techniques employed to
optimize the ethanol production rate. Thus, to be sure
of the efficiency of ethanolic fermentation reaction,
a preliminary investigation was carried out in the
current study on NG (20°Brix) and VHG (28°Brix)
sucrose. The best ethanol yield (16.48 + 0.24%
vol.) was found by fed-batch ethanolic fermentation
process of sucrose must (28°Brix) enriched with
urea (2 g/L). However, this improved ethanol yield
does not correlate with the best experimental yield
of ethanol production in the current study. In fact,
the best experimental yield of ethanol production
(92.43 + 1.12%) in this work was attained instead by
batch ethanolic fermentation process with NG sucrose
must (20°Brix) enriched with urea (2 g/L). In addition,
the poorest performance was observed by fed-batch
fermentation of VHG sucrose must (28°Brix) without
urea, penalized by an ethanol production rate of 7.60
+ 0.30% (vol.), equivalent to an experimental yield of
ethanol production of 34.59 + 1.36%.

By extrapolation of the results implemented
in this study with NG and VHG sucrose musts (20°Brix
and 28°Brix) to cashew apple musts, three (03)
strategies were developed for bioethanol production.
The first one involved concentration of raw juice
(13°Brix) extracted from cashew apple into two types
of higher concentration musts, NG must (20°Brix) and
VHG must (28°Brix). The second strategy adopted
was ethanolic fermentation of unenriched cashew
apple musts (20°Brix and 28°Brix) by batch and
fed-batch processes. Finally, the third strategy was
addition of urea (2 g/L) to the cashew musts.

Overall, fed-batch fermentation process
of VHG must (28°Brix) of cashew apple with urea
(2 g/L) addition of achieved the highest ethanol
production rates, while fermentation of must without
urea addition (20°Brix and 28°Brix) provided the
lowest experimental yield of ethanol production. In
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fact, with both sucrose and cashew apple musts, the
best experimental yield of bioethanol production was
always reached with fed-batch fermentation process
by urea (2 g/L) adding. In contrast, fermentation
pattern based on urea addition (2 g/L) into musts
reduced experimental yield of ethanol production
by around 4.67% with cashew apple must (20°Brix),
fermented by batch fermentation process.

Bioethanol production method proposed in
the current study, which consists by concentration of
raw cashew apple juice (13°Brix) into concentrated
musts (20°Brix and 28°Brix), offered advantage of
optimizing ethanol production rate at the end of
fermentation to around 15.44 + 0.32% (vol.) and
16.36 + .24%(vol.), respectively in fed-batch with
cashew apple musts (28°Brix) without urea, and
with urea (2 g/L) addition, compared to 10.34 +
0.04% (vol.) in batch fermentation process without
urea. Experimental bioethanol yields equivalent to
these ethanol production rates are around: 70.01
+0.44%;74.49 £ 1.10% and 65.99 + 0.26%. In this
work, final attenuation (FA) values for ethanolic
fermentation of cashew apple musts studied NG
(20°Brix) and VHG (28°Brix) were: 53.60 + 1.98%-
62.50 = 3.54% versus 20.97 + 0.66%-68.75 +
1.72%. These values are lower than those found
(67.18%-78.75%) by* during their work carried out
on cashew apple musts. The difference between the
two comparative studies is explained by the fact that
these authors fermented raw cashew apple juice
with a lower concentration (13°Brix) than our own
musts (20°Brix and 28°Brix).

The higher the concentration of the must,
the lower is final attenuation (FA) after the related
ethanolic fermentation. Moreover, the results of this
study also confirmed the same hypothesis, i.e. 26.00
+ 1.41%-68.75 + 1.72% for sucrose must (20°Brix)
versus 20.97 + 0.66%-56.07 + 1.51%. In fact, final
attenuation expresses the rate of fermentable sugars
consumed during fermentation. Comparatively,
ethanol rates produced with cashew apple in the
current work were significantly higher, compared
with the results found by®*4° with cashew apple juice.

CONCLUSION

The various strategies developed in this
work optimized ethanol production rate at the
end of fermentation to 15.44 + 0.32% (vol.) and
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16.36 + 0.24% (vol.), respectively by fed-batch
fermentation process with VHG musts (28°Brix)
of cashew apple without and with urea (2 g/L)
addition, compared with 10.34 + 0.04% (vol.)
found with batch fermentation process without
urea. These values are equivalent to experimental
bioethanol yields of 70.01 + 0.44%; 74.49 + 1.10%
and 65.99 + 0.26%, respectively. Applying the
method developed in this work on an industrial
scale may generate additional benefits for cashew
nut producers. However, our method still needs to
be improved to enable actors in the cashew nut
industry in Togo maximize their profits.
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The next step in this work is to carry out
further research to identify the most effective growth
factors for optimizing the ethanol fermentation
reaction using cashew apple juice.
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