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Abstract
Bioethanol is considered one of the most promising next-generation automotive fuels, as 
it is carbon neutral and can be produced from renewable resources, like lignocellulosic 
materials. The present research investigation aimed to utilize the elephant ear plant, a haz-
ardous plant (weed) also considered an invasive species, as a font of non-edible lignocel-
lulosic biomass for bioethanol production. The freshly collected elephant ear plant (leaves 
and stalk) was chopped into small pieces (1–2 cm) and then homogenized to a paste using 
a mechanical grinder. The sample pretreatment was done by flying ash for three different 
time durations (T1 = 0 min, T2 = 15 min, and T3 = 30 min) with 3 replications. All treat-
ment samples were measured for total sugar and reducing sugar content. The concentra-
tion of reducing sugar archived was T1 = 0.771 ± 0.1 mg/mL, T2 = 0.907 ± 0.032 mg/mL, 
and T3 = 0.895 ± 0.039 mg/mL, respectively. The results revealed that the chemical com-
position was different among treatments. The hydrolysis was performed using cellulase 
enzymes at 35 °C for the hydrolysis process. The hydrolysate was inoculated with 1% of 
S. cerevisiae and maintained at room temperature without oxygen for 120 h. Bioethanol 
concentration was measured by using an ebulliometer. The efficient ethanol percentage 
was 1.052 ± 0.03 mg/mL achieved after the fermentation. Therefore, the elephant ear plant 
invasive weed could be an efficient feedstock plant for future bioethanol production.
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1 Introduction

Globally, derived fossil fuels are the primary energy source, especially in the transportation 
sector (Bhuyar et al., 2021; Ramaraj et al., 2021a, b). Consequently, the greenhouse gases 
released into the atmosphere have increased 1.4 per cent per year on average, according 
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to the UNEP (United Nations, 2020), contributing to environmental pollution and global 
warming. Therefore, the search for new energy alternatives, environmentally friendly and 
derived from renewable sources, has become crucial. New technologies for social-eco-
nomical interactions and rapid urbanization, and industrial expansion make energy vital 
in the daily life of all people (Cruz et al., 2018). The world economy is heavily dependent 
on fossil fuels such as oil, coal, natural gas, primary commercial energy, and non-renewa-
ble sources (Ramaraj et al., 2016). The worldwide consumption of fossil fuels intensified 
greenhouse gas emissions released to the atmosphere and all the climate changes promoted 
by global warming (Dussadee et  al., 2014; Ramaraj & Dussadee, 2015). In this context, 
biofuels are an emerging alternative to liquid fuels due to their high energy content and 
significantly less  CO2 emissions associated with their use (Dussadee et al., 2016). Bioetha-
nol is a potential alternative fuel due to its properties in comparison with gasoline, such as 
higher flame speed, higher heats of vaporization, and higher-octane number, which makes 
it an antiknock fuel, are some of the main reasons to encourage its production (Gavahian 
et al., 2019; Vu et al., 2017).

According to the International Energy Agency (IEA), in 2019, globally fuel ethanol 
production reached 115 billion L. However, the COVID-19 crisis causes global bioetha-
nol production to drop 15% in 2020, the first contraction in biofuel output in two dec-
ades. Despite the fact that biofuels are predicted to meet around 5.4% of road transport 
energy demand in 2025, and it was up from just under 4.8% in 2019. Bioethanol output is 
expected to reach 119 billion liters in 2023–25, with Brazil, China, and India serving as 
key growth areas (IEA, 2019). Meanwhile, in Thailand, conventional Thai power genera-
tion starts giving alternative sources with the cost reduction of variable energy. As a result, 
during 2023–25, the average bioethanol yearly production in Thailand of 2.4 billion litres 
is expected.

Bioethanol can be produced from several different biomass sources (Manmai et  al., 
2019, 2020a, b; Nguyen et al., 2020). The first biofuel produced from food-based crops, 
or first-generation bioethanol, involves feedstocks like sucrose from sugarcane in Brazil 
or starch, mainly from corn, in the USA (Duden et  al., 2021; Kumar, 2011). However, 
even though first-generation bioethanol is being produced commercially in several coun-
tries, edible biomass encountered resistance due to the limited stock and the food versus 
fuel argument. Therefore, there has been a great effort in exploring alternatives feedstocks 
for second-generation bioethanol production based on lignocellulosic biomass. Lignocel-
lulosic biomass is usually referred to as non-edible crops, agriculture, forestry residues, 
aquatic plants, and it is considered one of the most abundant renewable biomass sources on 
earth (Bhuyar et al., 2020; Khammee et al., 2021). The complex and recalcitrant structure 
of lignocellulosic biomass comprises cellulose, hemicellulose, and lignin, including water 
in small amounts and some trace amounts of protein, minerals, and other components of 
raw material (Khammee et al., 2019; Nong et al., 2020; Unpaprom et al., 2021; Van Tran 
et al., 2020). Lignocellulosic biomass is usually referred to as non-edible crops, agriculture 
and forestry residues, aquatic plants, and it is considered one of the most abundant renew-
able biomass sources on earth (Phukoetphim et al., 2017; Ramaraj et al., 2021a, b; Sharma 
et al., 2020).

The Araceae family of plants, which contains over 1800 know species, has been 
described as the most common cause of symptomatic plant ingestion in some countries 
(Atkins & Williamson, 2008). Most species in the family contain raphine (calcium oxalate) 
crystals which are needle-shaped and arranged in compact bundles (Frohne & Pfänder, 
1997; Krenzelok & Jacobsen, 1997). Upon chewing of the plant, the crystals are ejected 
from specialized explosive ejector cells (idioblasts). As a result, they may become lodged 
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in the lining of the mouth, tongue, and throat leading to local inflammatory reactions, 
including burning, irritation, and oedema of the buccal cavity, hypersalivation, and apho-
nia (Kuballa et  al., 1981; Wiese et  al., 1996). The elephant ear plant, a member of the 
Arum family (Araceae), is a tuberous, stemless, frost-tender aquatic and semi-aquatic her-
baceous species. The plant is a perennial capable of producing considerable (60 cm length 
and 35  cm width) leaves on 1–2.5  m petioles (Weber, 2017) that emanate from a good 
corm. Under ideal growing conditions, a single elephant ear plant can grow 2.4 m tall with 
a similar spread in width. Reproduction of the elephant ear is primarily vegetative, rarely 
by seed, and occurs when whole corms divide in winter or early spring (Atkins & William-
son, 2008; Kikuta et al., 1938). Thus, only a portion of the crown and petiole is needed to 
establish a new plant. The invasive weed utilization for bioenergy generation is the novel 
approach towards renewable energy. The present investigation aimed to use the elephant 
ear plant, a hazardous plant also considered an invasive species, as a font of non-edible 
lignocellulosic biomass for bioethanol production. The bioethanol production was done, 
followed by pretreatment and hydrolysis techniques. The alcohol determination was done 
by ebulliometer.

2  Materials and methods

2.1  Plant collection and sample preparation

The elephant ear plant is a common weed that grows near the water bodies like canals, 
lakes, puddles, and rivers. Samples of elephant ear plants were collected from Maejo Uni-
versity located at Sansai-Phrao Road, Nongharn, Sansai District, Chiang Mai, 50,290 Thai-
land, and transferred to the Faculty of Science’s laboratory. Collected samples (leaves and 
kernel) were washed with tap water to remove impurities and chopped into small pieces 
(1–2 cm) and then homogenized to a paste using a mechanical grinder (PHILIPS Blender 
600 W Model HR2118/02).

2.2  Pretreatment and hydrolysis

In the pretreatment step, a total of 50 g of the homogenized fresh elephant ear plant was 
taken in a 1000 mL graduated bottle mixed with 500 mL of distiller water; this mixture was 
undergone autoclaving apparatus at 121 °C, 15 psi, at different time durations (T1 = 0 min, 
T2 = 15 min, and T3 = 30 min). After pretreatment, the pH of the combined solution was 
adjusted at 5.0 ± 0.3, and the samples were inoculated with 1% commercial cellulase 
(Union Science, Pvt. Ltd., Chiang Mai, Thailand) for the hydrolysis process. Afterwards, 
the solution was kept in an incubator at 35 °C for 24 h to perform the hydrolysis. Figure 1 
shows the elephant ear plant (leaves and stalk) collected and homogenized and the mixture 
before and after the hydrolysis step.

2.3  Fermentation

After physicochemical hydrolysis, fermentation was performed. The fermentation protocol 
was followed as described by Khammee et  al. (2020). The pH of the hydrolysate solu-
tion was adjusted at 5.6 ± 0.3 before being inoculated with 1% (wt./v) of Saccharomyces 
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cerevisiae. The fermented mixture was kept at room temperature in the absence of oxy-
gen for 120 h. The fermentation was carried out for 5 days and monitored by withdrawing 
80 mL of the sample every 24 h for sugars and alcohol measurement. The alcohol measure-
ment was carried out by using an ebulliometer.

2.4  Total and reducing sugar assay

A UV-Spectrophotometer detector DV-8000 (Drawell, Osaka, Japan) was used to esti-
mate sugars concentration through spectrometry. Total sugars and reducing sugars were 
determined by the phenol sulfuric acid method and the dinitrosalicylic acid (DNS) method 
(Dubois et al., 1956; Miller, 1959; Saengsawang et al., 2020). For total sugar determina-
tion, 500 µL of phenol solution (5% w/v) was added to 500 µL of the sample. The mixture 
was homogenized and followed by the addition of 2.5 mL of the con. sulfuric acid  (H2SO4 
at 98%). The sample was submerged in water for 10 min and then homogenized using a 
vortex, and the absorbance was read at 540 nm using distilled water as control. Meanwhile, 
500 µL of DNS reagent was added to 500 µL of the sample for reducing sugars. The mix-
ture was put in a boiling water bath for 10 min. Then, it was cooled, and 4 mL of distiller 
water was added. The absorbance was read at 540 nm using distilled water as control. All 
the procedures for reducing sugars determination were done under dark conditions due to 
the photosensitive nature of the DNS reagent. For both total sugars and reducing sugars, a 

Fig. 1  a Elephant ear plant collected, b elephant ear plant homogenized and c mixed with water to proceed 
with the pretreatment, and d mixture after hydrolysis process
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standard curve was generated using standard D-Glucose solution to derive the concentra-
tion of an unknown sample in mg/mL.

2.5  Alcohol determination

Ethanol content measurement was carried out using an ebulliometer (Dujardin-Salleron, 
Alcohol Burner, France). Ebulliometer is based on the principle that the boiling point of 
an alcoholic mixture is depressed compared to the boiling point of water due to the alcohol 
content in the alcoholic mixture (Olson, 1989). Alcohol analysis was performed by using 
the ebulliometer chamber which was filled with 50 mL of sample and boiled until a steady 
temperature. The resulting distiller water boiling point was used to compare the ebulliom-
eter disc provided with the apparatus.

2.6  Statistical analysis

Statistical analysis was performed using Statgraphics Centurion 19. For the present study, 
three replicates for all experiments were conducted. Data were shown as mean ± SE from 
triplicate. A significant difference was examined at the level of p < 0.05.

3  Results and discussion

3.1  Physical pretreatment and enzymatic hydrolysis

In this study, hydrothermal and steam explosion pretreatment to fresh elephant ear 
plants was investigated for three different time durations (T1 = 0  min, T2 = 15  min, and 
T3 = 30 min). The pretreatment with the highest total sugar concentration was selected to 
perform the hydrolysis step. The hydrolysis process converts total sugars to reducing (fer-
mentable) sugar by breaking the polysaccharides into monosaccharides. The highest fer-
mentable sugar content sample was utilized for the fermentation process. Samples were 
analyzed before and after the pretreatment and hydrolysis step to study the changes in total 
sugar and reduce sugar (mg/mL). Figure 2 representing the pictorial representation of the 
pretreatment process.

Figures  3a and b displayed total sugar results and reduced sugar at three different 
time durations. The concentration of reducing sugar archived was T1 = 0.771 ± 0.1  mg/
mL, T2 = 0.907 ± 0.032  mg/mL, and T3 = 0.895 ± 0.039  mg/mL, respectively. Mean-
while, the concentration of fermentable sugar after enzyme hydrolysis procedure was 
T1 = 0.838 ± 0.033  mg/mL, T2 = 1.130 ± 0.042  mg/mL, T3 = 1.067 ± 0.013  mg/mL as 
shows Fig. 2. T2 presented the highest concentration of reducing sugars compared with T1 
and T3. 

Results revealed that the pretreatment of 15 min steam explosion results in higher fer-
mentable sugars. Therefore, the T2 condition was selected to perform the fermentation pro-
cedure. Table 1 illustrating the literature survey of various plant weeds utilized for bioetha-
nol production with different pretreatment and hydrolysis protocols. It was reported that 
after dilute acid pretreatment, hemicellulose disintegrates, and xylose is released into solu-
tion, whereas alkaline pretreatment preserves a portion of hemicellulose while removing 
most of the lignin component (Aswathy et  al., 2010; Lin et  al., 2016). The combination 
microbial-chemical method could significantly boost the generation of reducing sugars in 
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water hyacinth hydrolysates compared to a single MB method (Zhang et al., 2018). How-
ever, as with other cellulosic bioethanol feedstocks, such as herbaceous grasses and agri-
culture or forestry residues, aquatic and semi-aquatic plants require a pretreatment step, 
followed by a hydrolysis and fermentation process as a general method for bioethanol pro-
duction (Isarankura-Na-Ayudhya et  al., 2007; Taherzadeh & Karimi, 2008; Whangchai 
et al., 2021).

3.2  Bioethanol production

The hydrolysate mixture obtained from T2 was undergone a fermentation process using 
1% wt./v of S. cerevisiae (dry yeast). The bioethanol production was monitored for 
5 days at room temperature, and a sample was withdrawn each 24 h to record the bioetha-
nol concentration. Results are shown in Fig.  4. After 48 h, the fermentable sugars were 

Fig. 2  Pictorial representation of pretreatment

0.00 0.50 1.00 1.50

T1

T2

T3

(a) Pretreatment Sugar Conc. (mg/mL)

Reducing Sugar Total Sugar

0.00 0.50 1.00 1.50 2.00 2.50

T1

T2

T3

(b) Hydrolysis Sugar Conc. (mg/mL)

Reducing Sugar Total Sugar

Fig. 3  The concentration of sugar at three different pretreatment times and after the enzyme hydrolysis step 
a pretreatment and b after hydrolysis



7383Advancement of fermentable sugars from fresh elephant ear plant…

1 3

Ta
bl

e 
1 

 C
om

pa
ris

on
 o

f v
ar

io
us

 p
re

tre
at

m
en

t u
til

iz
ed

 to
 p

ro
du

ce
 b

io
et

ha
no

l

Fe
ed

sto
ck

M
et

ho
do

lo
gy

Et
ha

no
l y

ie
ld

Re
fe

nc
es

W
at

er
 h

ya
ci

nt
h

Fe
rm

en
ta

tio
n 

by
 M

al
t a

nd
 B

ar
le

y 
(5

%
, 1

0%
 a

nd
 e

qu
al

 %
) f

or
 7

 d
ay

s a
t 3

0 
°C

1.
01

9 
m

g/
L

Re
za

ni
a 

et
 a

l. 
(2

01
4)

Pi
sti

a 
str

at
io

te
s

Ph
ys

ic
al

 p
re

tre
at

m
en

t b
y 

m
ill

in
g 

th
e 

sa
m

pl
e 

to
 0

.2
–2

 m
m

 si
ze

0.
20

5 
m

g/
m

L
Su

ni
l a

nd
 e

t a
l. 

(2
01

5)
Fe

rm
en

ta
tio

n 
by

 S
. c

er
ev

is
ia

e 
fo

r 7
 d

ay
s

A
lte

rn
an

th
er

a 
se

ss
ili

s
A

ci
d 

hy
dr

ol
ys

is
 b

y 
 H

2S
O

4
0.

38
7 

m
g/

m
L

Fe
rm

en
ta

tio
n 

by
 S

. c
er

ev
is

ia
e 

fo
r 7

 d
ay

s
Pa

rth
en

iu
m

 h
ys

te
ro

ph
or

us
St

ea
m

 e
xp

lo
si

on
 p

re
tre

at
m

en
t f

or
 1

5 
m

in
0.

21
9 

m
g/

m
L

G
up

ta
 a

nd
 e

t a
l. 

(2
01

7)
En

zy
m

at
ic

 h
yd

ro
ly

si
s b

y 
As

pe
rg

ill
us

 n
ig

er
 fo

r 2
4 

h 
at

 4
0 

°C
Fe

rm
en

ta
tio

n 
by

 S
. c

er
ev

is
ia

e 
fo

r 9
6 

h 
da

ys
 a

 3
0 

°C
El

ep
ha

nt
 e

ar
 p

la
nt

St
ea

m
 e

xp
lo

si
on

 p
re

tre
at

m
en

t f
or

 1
5 

m
in

1.
13

0 
m

g/
m

L
Th

is
 st

ud
y

H
yd

ro
ly

si
s w

as
 c

on
du

ct
ed

 b
y 

ce
llu

la
se

s f
or

 2
4 

h 
at

 3
5 

°C
Fe

rm
en

ta
tio

n 
by

 S
. c

er
ev

is
ia

e 
fo

r 5
 d

ay
s a

t r
oo

m
 te

m
pe

ra
tu

re
 (3

0 ±
 5 

°C
)



7384 M. Trejo et al.

1 3

recorded as 0.826 ± 0.02, at which the highest bioethanol concentration was reached at 
1.052 ± 0.03 mg/mL. As the sugars were exhausted gradually, the ethanol production was 
reduced, as displayed in Fig. 4.

The fermenting microorganisms play an essential role in bioethanol production from 
lignocellulosic biomasses by fermenting a wide range of sugars to ethanol (Dien et  al., 
2003). Compared to other types of microorganisms, yeast is the most common microbe 
employed in ethanol production. S. cerevisiae is the widely used fermenting yeast due to its 
high ethanol productivity, high ethanol tolerance, and the ability to ferment a wide range 
of sugars (Azhar et al., 2017). In addition, the recombinant microorganisms would improve 
ethanol production from aquatic plants with high hemicellulose content, which can be 
transformed into a mixture of pentoses and hexoses by saccharification processes (Mishima 
et al., 2008).

Over recent years, biotechnological advances in the production of bioethanol from 
aquatic plants have been demonstrated. The use of aquatic and semi-aquatic plants as a 
renewable energy source presents advantages, such as an absence of competition against 
food crops for arable land (Mishima et al., 2006, 2008). The elephant ear plant is a ligno-
cellulose source that possesses a rapid growth rate, with a minimal fertilizer needed, and 
does not compete for arable land, which is attributed to an ideal biofuel feedstock (Low 
et al., 2011; Miranda et al., 2016). Compared to wood and other lignocellulosic biomass 
(agro- and forest residue), aquatic and semi-aquatic weeds can be readily hydrolyzed to fer-
mentable sugars and provide an efficient and cost-effective feedstock for renewable energy 
production, like biofuels. While minimizing the economic and ecological damage caused 
by their rapid undesired growth can be impressively utilized for the enhanced bioenergy 
generation (Borah et al., 2016; Rather & Bhagat, 2021).

4  Conclusions

The elephant ear plant, a member of the Arum family (Araceae), is an emergent aquatic 
and semi-aquatic herbaceous species. The elephant ear plant, considered an invasive spe-
cies, can be used to produce bioethanol. The physical pretreatment process (hydrothermal 
and steam explosion) was applied with significant success to enhance the accessibility of 
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Fig. 4  Bioethanol production from fresh elephant ear plant from 120 h
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enzyme and the high sugar concentration achieved. The results revealed that the chemical 
composition differed across treatments. The steam explosion for 15 min (T2) is ideal and 
resulted in the enhanced fermentable sugars. The fermentation was initiated by infecting 
the hydrolysate with 1% S. cerevisiae and maintained at room temperature without oxygen 
for 120 h. The efficient ethanol percentage was 1.052 ± 0.03 mg/mL achieved after the fer-
mentation. The 48 h of fermentation is an ideal period to produce enhanced ethanol. Thus, 
the elephant ear plant has the potential to be an efficient feedstock plant for bioethanol 
production.
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