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Abstract

The bioethanol production from the sweet potato variety BRS Cuia using three different strains of Saccharomyces cerevi-
siae (LPB1-93, ATCC-26602, and CA-11) was carried out in this research. Comparative analyses of consumed sugar, ethanol
yield, and productivity (in tons per hectare) increased along with the concentration of cells in the inoculum. Additionally,
to verify the aromatic quality of a potential sweet potato distilled spirit, volatile organic compounds were analyzed. The
results showed a yield of over 90% ethanol. It was observed that the sugar consumption and ethanol production rates
can be increased with a higher initial concentration of cells. This resulted in higher concentrations of ethanol in shorter
times. From 100 g of the sweet potato variety BRS Cuia, the highest concentration of ethanol obtained was 25.74 g L™
using the LPB1-93 strain. The estimated bioethanol production is about 10,000 L ha™', with two sweet potatoes crops in
a year. The ethanol production from the sweet potato variety BRS Cuia is viable, representing a sustainable alternative to
fuel bioethanol, as well as an alcoholic beverage due to the volatile organic compounds present in the distilled fraction.
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1 Introduction

Despite the low interest in sweet potatoes, Ipomoea pota-
toes (L.), because it is a subsistence crop, it presents a high
potential for ethanol production due to the production
cost and good productivity [1]. The Brazilian annual pro-
duction of sweet potato is about 110 thousand tons [2].
Sweet potatoes have great resistance and excellent agri-
cultural performance, in tropical conditions [3]. However,
the offer is still very centered, about 64% of global produc-
tion in China, such as shown in Fig. 1 [1]. In these regions,
besides being used for human food due to its good nutri-
tional content, sweet potatoes are of great importance for
the industrial production of flour, starch, and ethanol [4]
and as raw material to obtain industrialized products with

higher added value as dehydrated chips, cereals, jams, jel-
lies, flour, and pasta [5]

Ethanol is a substance with many applications in the
chemical and pharmaceutical industry being part of dis-
tilled and fermented beverages and, more recently, it
has been widely used as a hand sanitizer in the COVID-
19 pandemic crisis [6]. The bioethanol production, to be
used as biofuel, is an important option environmentally
friendlier than fossil fuels [7]. In addition, the raw materi-
als used to produce bioethanol, such as sugarcane juice
and corn starch, are cheaper than the fossil products [8].
Due to the depletion of energy resources, the search for
alternative energy sources to meet the current demand is
pivotal for environmental research. Thus, biorefineries play
an important role for the generation of renewable energy
source, together with products of great industrial value,
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Fig. 1 World sweet potato production in 2017 (adapted from FAOSTAT, 2017). (By Bing platform, GeoNames, HERE, MSFT, Microsoft, Navinfo,

Wikipedia)

which can be converted through physical, chemical, and/
or biological treatments [9]. There is a growing interest in
finding other alternative sources of ethanol production,
such sweet potato, promoting possibilities where corn and
sugarcane are not viable, bringing economic benefits to
the fuel market [10].

Brazil is the second largest ethanol producer in the
world, behind the USA, and one of the largest biodiesel
producers. The Brazilian ethanol production was 35.6 bil-
lion liters,in 2019/2020 [11]. This represents an increase at
7.5% in relation to the previous crop. According to Brazil-
ians Sugarcane Industry Association, the use of ethanol
as biofuel, between 2003 and 2020, avoided the emission
of more than 515 a million ton of CO, [12]. Currently, the
participation of renewable fuels in the Brazilian transport
matrix is approximately 18.8% in 2018 [13].

The high agronomical yield, high starch content, and
improvements in fermentation allow the sweet potatoes
to be competitive with the other raw materials to produce
ethanol [14]. Another competitive advantage of the sweet
potato is its short life cycle, varying from 5 to 6 months,
which allows two harvests per year. The global ethanol
productivity depends on the fermentation yield, the con-
centration of fermentable sugars in the broth, and produc-
tivity of the raw materials (t ha™"). Brazil has been devel-
oping a large number of sweet potato varieties with high
yields (t ha™"), with values close to the ethanol production
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from sugarcane and even higher in some cases. Therefore,
the aim of this research was to study the potential of sweet
potatoes for bioethanol production from the sweet potato
variety BRS Cuia.

2 Materials and methods

2.1 Raw materials, pretreatment,
and microorganism

The fresh sweet potato variety BRS Cuia was obtained from
the Brazilian Agricultural Research Corporation (EMBRAPA).
The moisture of the raw material was determined by dry-
ing the material in an air-circulating oven at 105 °C until
constant weight. For sweet potato pretreatment, the bio-
mass was washed and further air-dried at 60 °C in an air-
circulating oven for 48 h. The hydrolysis of the material was
carried out in autoclave at 121 °C for 15 min (isothermal
stage) using 1.5% (v/v) dilute hydrochloric acid solution
and a solid loading of 15% (w/v). The resulting hydrolysate
was filtered and the pH was adjusted to 7.0 using sodium
hydroxide solution at 32%.

The strains of Saccharomyces cerevisiae LPB1-93, ATCC-
26602, and CA-11 were obtained from, respectively, Labo-
ratory of Biotechnological Processes of Federal University
of Parand (LPB — UFPR), Agricultural Research Service



SN Applied Sciences (2021) 3:347 | https://doi.org/10.1007/542452-021-04369-y

Research Article

(NRRL) Culture Collection, and LNF Latin-American. The
culture medium used for the strains of this research was
YM medium (3 g L™! yeast extract, 3 g L' malt extract,
59 L peptone, 10 g L™ glucose). Cultures were grown
at 30 °C, 120 rpm and pH 7.0. For LBP1-93, ATCC-26602,
and CA-11 strains, an inoculum of 107 and 102 cells mL™"
were prepared.

2.2 Sweet potato fermentation

All S. cerevisiae strains were cultivated in sweet potato
hydrolysate at pH 5.0, 30 °C for 24 h. The fermentation per-
formance was assessed by consumed sugar and ethanol
yield, which was estimated by the ratio of a theoretical
value of ethanol yield (0.51 g g™') and ethanol productiv-
ity. The solid material (yeast cells and sweet potato solids)
was removed from the fermented broth by filtration.

After separation of the solid material, the liquid part
(fermentation broth) was distilled, in batches. The distil-
lation was done to recover ethanol to be used as biofuel
and as distillate spirit. A traditional distillation system con-
sisted of a heating mantle (Fisatom class 300, model 202),
a 2000-mL round-bottom flask, a Liebig-type. The volatile
compounds were collected at the condenser outlet. The
samples were separated by temperature, the first (head)
with a temperature up to 78 °C; the second (heart) with
a temperature of 78.3 to 79 °C; and the third (tail) above
79 °C. Measurements of the alcoholic strength of the dis-
tilled fractions were made at 20 °C. The distilled volume
was 515 mL (29° GL) of the total volume of fermented
broth added to the distiller (4.4 L), resulting in 3885 L of
stillage. Part of the initial total volume of 5 L was reduced
in filtration (wet solids), sample removal and small losses
during the entire distillation process.

2.3 Analytical methods

Fermented samples were collected every 6 h for deter-
mination of sugars and ethanol concentrations by HPLC
(Shimadzu, model LC-10AD) equipped with an Aminex
HPX-87-H column and the oven operating at 60 °C. The
mobile phase consisted of 5 mM H,SO, with a flow rate
of 0.6 mL min~". Starch was quantified by the difference
between total sugars minus the soluble sugars present in
the samples.

After the distillation and recovery of the ethanol-rich
fraction, volatile organic compounds (VOC) present in
the distillate were analyzed in a gas chromatograph (Shi-
madzu, model GC17A) equipped with a HP-DB 5 column
(30 mx0.32 mm) and flame ionization detector (FID). The
injector and detector temperatures were maintained at
230 °C. The initial oven temperature was maintained at
40 °C for 5 min, followed by a temperature increase to

150 °C at a rate of 20 °C min~". The temperature was main-
tained at 150 °C for 4 min. Nitrogen was used as carrier gas
at a flow rate of 1.5 mL min~' and with a split ratio of 1:5.

3 Results and discussion
3.1 Ethanol production

The fermentation of sweet potato hydrolysate was carried
out using three different strains of S. cerevisiae (LPB1-93,
ATCC-26602, and CA-11) in two concentrations (107 and
108 cell mL™") and is shown in Fig. 2. The total initial sugar
concentration varied from 64.1 to 79.7 g L™'. After 12 h
of fermentation, using an inoculum size at 102 cells mL™"
(Fig. 2B, D, and F), glucose, the sugar in the highest con-
centration, and fructose were almost entirely consumed.
Maltose was almost completely consumed only by the
LPB1-93 strain. The ATCC-26602 strain did not consume
maltose in any of the cases, giving preference to glucose
and fructose. In the experiments using a lower inoculum
size of 107 cells mL™’, the sugar consumption was slower,
showing that glucose was depleted between 18 and 24 h
of fermentation, as well as fructose, when consumed
(Fig. 2A, C, and F). It is important for the fermentation pro-
cesses to be completed with minimum of sugar content
or to a point where there would not be more raw material
to be consumed, especially because the sugar content in
the effluent can result in environmental problems, causing
losses to the industry [15].

Camili and Cabelo [16], while studying the production
of ethanol from cassava pulp, obtained higher ethanol
concentrations after 12 to 18 h with a yeast concentration
of 8% (w/w). They notice that the increase in the inoculum
size has accelerated the sugar consumption and ethanol
production, resulting in higher concentrations of ethanol
in shorter times. The increase in cell concentration of the
inoculum causes an increase in yield and productivity, by
decreasing residual sugar levels [15].

The ethanol yield in this study was equal or even higher
than other reports on fermentation of starch hydrolysate
and other raw material hydrolysate, using yeast. Table 1
shows the fermentation performance and the main param-
eters analyzed, comparing the two cell concentrations
applied for each strain.

Li et al. [17] studied the ethanol production from sweet
sorghum stem in advanced solid-state fermentation,
obtaining an ethanol yield of 90.46% in continuous fer-
mentation. From inputs of 3.72 and 16 tons of biomass,
1.54 and 6.62 tons of crude ethanol were produced,
respectively. Singh et al. [18] studied the ethanol produc-
tion from rice husk hydrolysate using S. cerevisiae with 70 g
L™ of initial sugar concentration and obtained 76.5% of
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Fig.2 Sugar consumption from sweet potato hydrolysate and eth-
anol production using by different S. cerevisiae strains LPB1-93 (A
and B), CA-11 (C and D), and ATCC-26602 (E and F) with two start-

ethanol yield and 51.4% of sugar consumption after 36 h
of fermentation. Ziska et al. [19] presented an estimation
of field production of ethanol from sweet potato in Mar-
yland-USA of 8,839 L ha™". Oliveira et al. [20] reported an
ethanol yield of 4,379 L ha™" with the sweet potato clone
IPB-007; however, the other clones exhibited lower yields
(1034 L ha™"). Masiero et al. [21] who also used Cuia sweet
potato variety reported ethanol production of 4,900 L
ha™'.

Rodrigues and Magalhaes [22] investigated the produc-
tion costs of a sweet potato plantation. The results showed
an average productivity of 24 tons ha™', while the average
cost per ton harvested was approximately US$40. As for
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ing inoculum size of 107 (A, C, and E) and 108 (B, D, F) cells/mL at pH
5.0 and 30 °C: (square) glucose; (diamond) maltose; (triangle) fruc-
tose; and (circle) ethanol

the yield of ethanol production, the average productivity
was obtained from 171 L per tons and 4104 L of ethanol
per hectare. Before the results to meet the required oper-
ating capacity of a small plant of 500 L per day, it will need
a planting system in an area of approximately 4 hectares
per month.

Jin et al. [23] studied the ethanol production from ten
varieties of sweet potato, as well as the consumption of
raw materials and the occupation of the soil to produce
1 ton of anhydrous ethanol. The results indicated that
the two best varieties of sweet potato, called NS-007 and
SS-19, presented the lower consumption of raw material
(6.19 and 7.59 tons of sweet potatoes per ton of ethanol,
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Table 1 Fermentation parameters using S. cerevisiae strains with initial inoculum sizes of 107 or 108 cells/mL at different fermentation times

Strains UFC (cells/mL) 107 108

Time (h) 6 12 18 24 6 12 18 24
LPB1-93 IRS? (g/L) 79.7 79.7 79.7 79.7 78.6 78.6 78.6 78.6

CS (%) 5.0 35.6 67.8 94.0 56.7 93.2 96.4 97.2

PE€ (g/L) 1.2+035 13.1+£0.71 2594+0.28 31.0+1.27 22.6+0.71 30.8+£049 38.6%+1.41 38.6+1.41

Y4 (%) 63.3 88.4 96.1 94.7 99.4 83.2 98.9 98.3

P€ (L/ha/year) 5094 10,161 10,578 9,136 11,196 9,320 11,292 11,203
CA-11 IRS? (g/L) 74.4 74.4 74.4 74.4 64.1 64.1 64.1 64.1

CS° (%) 1.9 51.6 76.2 80.1 67.2 68.8 68.8 82.6

PE€ (g/L) 23+0.14 182+0.28 27.9+0.07 30.9+0.7 19.6+042 214+028 188+0.07 17.2+0.78

Y4 (%) 92.6 77.8 90.6 94.6 89.2 95 84.1 66.8

P (L/ha/year) 10,657 10,434 10,872 11,435 10,038 10,712 9,410 7,164
ATCC-26602  IRS?(g/L) 76.8 76.8 76.8 76.8 77.8 77.8 77.8 77.8

csP (%) 2.67 31.7 60.7 79.5 55.2 77.0 771 77.9

PE€ (g/L) 1.6+0 146+1.06 23.3%+0.71 275+0.78 21.8+0.07 26.8+035 27.8+0.14 27.8+0.14

Y4 (%) 23.1 97.6 95.5 90.1 99.4 88 90 89.3

P€ (L/ha/year) 2154 13,236 11,002 9,943 11,191 9,876 10,228 10,127

2Initial reducing sugar; PConsumed sugar; “Produced ethanol; “Ethanol yield; °Ethanol productivity

respectively) and the lowest soil occupation (0.24 and 0.24
hectares and per ton of ethanol, respectively).

In the most optimistic scenarios, with more favorable
climatic conditions, the yield of the Cuia variety reaches
60 tons ha™' [24]. The present study used the average pro-
ductivity value of 50 tons ha™', indicating that are required
7.46 tons of sweet potato variety Cuia to produce 1 ton of
ethanol and 0.15 hectares of this variety to produce 1 ton
of ethanol. The raw material is responsible for half the cost
of ethanol production. If less raw material were consumed,
the ethanol production cost will decrease. Additionally,
less land occupation not only results in lower income from
the land, but also a reduced cost of cultivation. All these
factors contribute to a lower cost of raw material for etha-
nol production [24].

Magalhaes et al. [25] analyzed the sustainability of the
production chain of ethanol from sweet potato in the
municipality of Palmas-Brazil and made a comparison with
the production of ethanol from sugarcane, from private
and social perspective. The results showed that in primary
production the cultivation of sweet potatoes provides
greater advantages than sugarcane because the produc-
tion cycle of sweet potatoes was about 5-6 months while
the sugarcane was 12 months. However, it should be noted
that the final gains with the sugarcane are mainly attrib-
uted to the large extensions currently being cultivated.
The authors also pointed out that, in the case of sweet
potato, it would be advisable to promote small producers
associations for planting and cultivation to create sustain-
ability in the production chain, lowering the production
costs, which can be advantageous for small producers.

Industrial sweet potato production is not intended to
be used as a food crop. They are encouraged to be culti-
vated to increase their starch content, significantly reduc-
ing its attractiveness as a food crop when compared to
the other conventional food cultivars. Therefore, they
offer potentially greater fermentable sugar yields and the
opportunity to increase planted acreage (even on mar-
ginal lands) beyond what is destined for food.

3.2 Anassessment of the sweet potato bioethanol
process

For mass balance calculations, the input and output of
the process were analyzed, measuring the quantities of
fermentable sugars per 100 g of dried sweet potato vari-
ety Cuia and the quantities of ethanol produced for each
strain studied. Figure 3 shows the overall mass balance of
the tested strategy. Based on the data, 100 g dried sweet
potato, 38 g glucose, 13.4 g fructose, and 12.3 g maltose
were released in the hydrolysate after the pretreatment
with dilute hydrochloric acid. After that, the hydrolysate
was fermented using the yeast S. cerevisiae LPB1-93, CA-11
and ATCC-26602 and produced 25.74,21.2,and 21.9g L™
of ethanol, respectively.

There is an increase in the concentration of ferment-
able sugars after dilute acid pretreatment, which ini-
tially were arranged as starch. The mass balance, shown
in Fig. 3, indicates that the largest ethanol production
(25.74 g of ethanol per 100 g of sweet potato variety
Cuia) was obtained using the LPB1-93 strain. Studies
conducted with sweet potatoes to produce ethanol
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Sweet potato Cuia
8.2% sugars
55.5% starch

Pretreatment
1.5% (v/v) HCI
120 °C /15 min

Broth hydrolyzate
38% glucose
13% fructose

12% maltose

v

S. cerevisiae Fermentation Ethanol yield
LPB1-93 pH 5 LPB1-93: 26%
CA-11 30°C/18h CA-11:21%
ATCC-26602 ATCC-26602: 22%

Fig.3 Conversion process of sweet potato into ethanol

showed yields like these investigations. Ray and Naskar
[26], Swain et al. [27], and Lareo et al. [28] obtained 0.96,
1.72, and 3.87 g per 100 g of sweet potato. However,
although the fermentation proposed by Lareo et al. [28]
shows better results of conversion to ethanol, its esti-
mated yield per hectare was 4790 L ha~!, while the Cuia
variety was, due to the two harvests per year, can reach
10,000 L ha™" year™". The choice of different feedstocks
results in different economic outcomes and risk assess-
ment of the corresponding biomass fuel project. Thus,
even if the same feedstock is used in different regions,
it is unlikely to obtain the same results because most of
the economic conditions such as feedstock price, plant
yield, capital investment, and labor costs, vary from one
region to another [29].
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It is important to mention that some aspects were not
addressed in this study, such as carrying out a survey of
the impacts on energy consumption according to the
types of equipment used, as well as the pros and cons of
acid hydrolysis in relation to enzymatic processes. There-
fore, it should be noted that, for future increases in scale,
it is suggested to implement a survey of energy and eco-
nomic consumption.

The cultivation of sweet potatoes has great aptitude
for biofuel production, although in Brazil there is still a
long way to go to reach a level of technology comparable
to the consolidated technology of sugarcane in terms of
productivity efficiency in the field. Despite this, the pro-
duction of biofuel ethanol from sweet potatoes offers per-
spectives for the alcohol sector as an alternative to alcohol
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production in regions where the cultivation of sugarcane is
not recommended; use of sweet potatoes as an off-season
crop, in crop rotation, when the sugarcane crop is being
renewed; and integration of ethanol plant-crop-agricul-
ture, by using residues from the distillation process and
the biomass of the aerial part of the plant as sources of
protein for animal feed [30].

3.3 Volatile organic compounds

The volatile organic compounds (VOCs) present in the
distilled fractions recovered from the fermented sweet
potato hydrolysate were analyzed by gas chromatogra-
phy (GC). The alcohol content in sweet potato distillates
(LPB1-93, CA-11, and ATCC 26,602) was adjusted to 36° GL.
After chromatographic analyses, the following compounds
were identified with their respective aromatic character-
istics: ethyl acetate (fruity, sweet), 3-methyl-1-butanol
(fruity banana, alcoholic), caprylic acid (waxy, desirable in
some beers), ethyl decanoate (fruity apple and grape), and
1-decanol (flat, wax, sweet orange flora).

Matos [31] produced banana spirit with various yeast
for the synthesis of characteristic aromas. The produc-
tion of peeled banana spirit with commercial S. cerevisiae
CA-11 showed an ethanol concentration of 414.8 mg L™
(a common amount present in distilled spirits with 36° GL).
However, it presented a low concentration (0.3 mg L™
of isoamyl acetate (banana flavor), compared to another
yeast (Pichia kluyveri), which produced higher amounts.

Some compounds present in the distilled spirits pro-
duced in this study (ethyl acetate, 3-methyl-1-butanol,
ethyl decanoate, and 1-decanol) were also found in rum
and distilled spirits from other study [32]. These commonly
found aromas provide a sensory quality to the product.
Comparing the VOCs (Table 2) identified in sweet potato
distillates (LPB1-93, CA-11, and ATCC 26,602) with those
of the banana spirit (BS) produced by Matos et al. [32], it
was verified that the production of sweet potato distilled
spirit is feasible, as it presents characteristic flavors also
present in distilled spirits produced from other raw mate-
rials such as sugarcane. Many chemical transformations
and compounds produced, such as aldehydes, acids, and
esters, are related to the maturation and aging process of
the distillates.

The oxidation and esterification of alcohols give rise
to aldehydes and esters, as well as the oxidation of the
lignin degradation products by ethanolysis improves the
aroma and makes the flavor of the distilled spirit more
pleasant. It was verified that the VOCs found in the three
sweet potato distillates of this study have positive sen-
sory characteristics for a distilled spirit. This indicates
the potential to eliminate or reduce the storage time in

Table2 Comparison of Volatile Organic Compounds of sweet
potato distillates (LPB1-93, CA-11, and ATCC 26,602) with the
banana spirit (BS) produced by [28] in mg/L

S. cerevisiae strains LPB1-93  CA-11 ATCC 26,602  BS?
°GL 36 36 36 36
Ethanol 4121 4129 411.9 4139
ethyl acetate 65.1 - - 98.2
2-pentanona - - - 2.8
3-methyl-1-butanol 3.7 - - 8.2
Isoamyl acetate - - - 13.5
1-decanol - 13 1.9 2.7
Caprylic acid 0.8 0.4 0.7 03
Ethyl decanoate 0.9 0.4 0.8 0.6

°[28]

wooden barrels with the objective of obtaining aromatic
compounds as in the production of “cachaca” (sugarcane
distillate drink), resulting in the reduction of one pro-
cessing step and lowering the cost of the process. The
presence of such VOCs indicates the possibility of pro-
ducing an excellent quality distilled spirit from fermenta-
tion with sweet potato variety Cuia.

4 Conclusions

Although the three studied strains of Saccharomyces
cerevisiae (LPB1-93, CA-11, and ATCC-26602) showed to
be excellent ethanol producers, the mass balance indi-
cated that the largest biofuel production (25.74 g L™ of
ethanol per 100 g of the sweet potato variety Cuia) was
obtained by the LPB1-93 strain. It is concluded that the
ethanol production from the sweet potato variety Cuia
is feasible, representing a sustainable source of income
for“family farming”in Brazil, as well as a promising alter-
native for the development of both biofuel and distilled
spirit. Therefore, the production of ethanol from sweet
potato for alternative uses exhibits commercial potential
and it has not yet been fully explored.
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