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Abstract

This work focuses on enhancing hydrolysis and bioethanol production from waste plantain peels by using ultrasound acoustic 

cavitation, comparing its effectiveness to that of hot-acid hydrolysis (HAH) and enzymatic hydrolysis (EH). Statistical response surface 

methodology (RSM) was employed to examine the enhancement of ultrasonic aided-dilute acid hydrolysis (UADAH) and HAH parameters 

for the extraction of reducing sugars. The highest reducing sugar yield was obtained as 166.89 ± 0.75 mg/g, 115.03 ± 0.87 mg/g and 

131.04 ± 0.29 mg/g from UADAH, HAH and EH respectively. Ultrasound cavitation enhanced the reducing sugar yield with a shorter 

processing time of 46 min. Notably, the processing time required for UADAH method was reduced threefold and twenty-fold compared 

to that of HAH and EH, respectively. Also, the UADAH process resulted in a maximum bioethanol yield of 76%. Therefore, ultrasonic 

irradiation is a promising technology for 2G biofuel production from waste plantain peels owing to its effectiveness in attaining 

maximum yield within a shorter processing time and with minimal solvent usage. 
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1 Introduction
Every inhabitant of this planet relies on renewable energy 
to meet fuel requirements in a sustainable manner. 
Renewable energy has become increasingly significant 
in addressing both the growing energy demand and the 
environmental pollution caused by the combustion of fos-
sil fuels [1]. This heightened focus on renewable energy 
has driven the development of alternative technologies 
for biofuel production [2, 3]. Therefore, it is imperative 
to develop processes capable of delivering high product 
yields within a short time frame to enable economically 
viable scale-up. Biomass, as a renewable resource, has 
been extensively exploited for biofuel production [4, 5]. 
Among the various biofuels considered for energy gener-
ation, bioethanol appears particularly promising. Its use 
as an alternative automotive fuel is primarily due to its 
effectiveness as a substitute or additive for gasoline [6–8].

There has been a greater emphasis in the usage of fruit 
peels as feedstock for second – generation biofuel produc-
tion for the past few decades [9]. This is mainly due to the 
problem associated with shelf - life of processing of fruits 

and vegetable waste. India is the largest producer of plan-
tain (Musa paradisiaca) being the most prominent fruit 
crop [10]. The external appearance of plantain is slightly 
bigger showing resemblance to unripe bananas. The plan-
tains are enriched with starch [11, 12]. The main by-prod-
uct of banana processing industry is the peel, which rep-
resents approximately 30% of the fruit [11, 13]. Due to the 
presence of large quantities of nitrogen and phosphorus, 
plantain peel as a by-product poses environmental chal-
lenges when improperly disposed of [14]. However, plan-
tain peel holds promise as a bioethanol feedstock owing 
to its rich lignocellulosic content, offering both an effec-
tive waste management solution and a sustainable energy 
source [1, 5, 15]. Nevertheless, the recalcitrant nature of 
lignin makes the degradation of lignocellulosic material 
difficult. As such, a pretreatment step is required prior 
to its conversion into fermentable sugars [15, 16]. Being 
a lignocellulosic biomass, plantain peel predominantly 
comprises a cell wall structure of cellulose, hemicellulose, 
and lignin [5, 16, 17]. Compared with other agricultural 
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residues such as sugarcane bagasse and corn stalks, plan-
tain peel contains significantly lower lignin content, 
which notably shortens the hydrolysis time of lignocel-
lulose and reduces both energy consumption and produc-
tion costs [11, 18, 19]. Furthermore, the high proportion of 
glucose and xylose that can be extracted from the cellu-
lose and hemicellulose fractions of plantain peel, coupled 
with the ability of microorganisms to convert these sug-
ars into ethanol, are key factors driving the utilization of 
this co-product in biofuel production [17]. In comparison 
with the conventional fossil fuels and biofuels, the use of 
waste plantain peel as feedstock for biofuel production is 
characterized as low cost, low carbon, and environmen-
tally sustainable [20]. 

Various technologies such as acid hydrolysis, alkali 
hydrolysis, and steam explosion have been employed for 
the pretreatment of lignocellulosic biomass [21]. However, 
due to the high processing cost of enzymes and the eco-
nomic limitations associated with the use of commercial 
enzymes for bioethanol production, alternative methods 
are being explored. In this context, the application of ultra-
sound has emerged as an effective approach for the fraction-
ation of lignocelluloses for bioethanol production [22–24]. 
Ultrasonication is an emerging technique capable of inten-
sifying saccharification, achieving higher reducing sugar 
yields while offering substantial improvements in eco-
nomic feasibility, reductions in processing time, tempera-
ture, chemical usage, and overall energy consumption [25]. 
Ultrasound induces the formation, growth, and implosive 
collapse of bubbles in liquids, generating localized regions 
of high pressure and intense heat within a very short dura-
tion [26, 27]. This phenomenon enhances mass transfer, 
disrupts biomass structure, and facilitates better penetra-
tion of acids into the substrate, thereby improving hydro-
lysis efficiency. The micro-mixing effects induced by ultra-
sound promote uniform contact between acid and biomass, 
enhancing reaction kinetics and reducing hydrolysis time. 
Consequently, this technique can minimize the requirement 
for high acid concentrations, potentially lowering chemical 
costs [23]. Several studies have reported the effective applica-
tion of cavitation in biomass pretreatment and its subsequent 
role in efficient biofuel production. For instance, Joshi and 
Gogate [5] and Subhedar et al. [23] demonstrated hydrolysis 
for fermentable sugar production followed by fermentation, 
wherein the application of ultrasound resulted in significant 
process intensification. Cıggın et al. [28] used ultrasound 
assisted lime pretreatment to reduce the time of lime pre-
treatment. Previous studies showed that ultrasonication can 

be used to intensify the process of biofuel production [28]. 
However, to best of our knowledge, none of the research has 
been carried out on utilizing plantain peels for biofuel pro-
duction using ultrasound waves. Thus, the present study aims 
to identify the suitable acid for hydrolysis and to intensify the 
ultrasonic aided-dilute acid hydrolysis (UADAH) process 
for production of reducing sugar from plantain peel. Three 
different hydrolysis processes were investigated on reducing 
sugar production and were optimized using response surface 
methodology (RSM). The bioethanol yields obtained from 
different hydrolysis process were investigated. 

2 Experimental
2.1 Materials
Fully ripened plantain fruits were collected from local 
market and peels were removed manually. The peels were 
cut into small pieces and dried in a hot air oven at 50 °C. 
The dried peels were ground to fine powder and screened 
through ASTM 20–40 mesh size (particle size is pass-
ing through ASTM-20 mesh and retained in the 40 mesh) 
to obtain an average particle size range. The sample was 
stored in an air – tight container for further usage [16].

Sulfuric acid, acetic acid, formic acid and hydrochlo-
ric acid, potassium dichromate (analytical grade) was pur-
chased from Sisco Research Laboratories (SRL) Pvt. Ltd, 
Chennai, India for performing hydrolysis of waste plantain 
peels. For enzymatic hydrolysis (EH), amyl glucosidase 
and cellulase enzyme were supplied by Merck Pvt. Ltd, 
Chennai, India. The different media composition required 
for Yeast Peptone Dextrose (YPD) medium namely dex-
trose, peptone and yeast extract were provided by Himedia 
Pvt. Ltd. in Mumbai, India. The yeast strain Saccharomyces 
cerevisiae was obtained from MTCC Chandigarh - India.

2.2 Experimental procedure
2.2.1 Steam explosion pretreatment
About, 0.25% (v/v) sulfuric acid concentration with 17% 
solid loading was added in an autoclave. The pressure was 
maintained at 103421 Pa and temperature of 121 °C for 
60 min [29]. After the steam explosion, the sample was 
cooled down to room temperature and neutralized by con-
tinuous washing. The solid residue was filtered from mix-
ture and it was dried in an oven for further treatment. 

2.2.2 Selection of acid
The influence of different acids in acid hydrolysis was 
investigated based on the experiments performed using 
acetic acid, formic acid, hydrochloric acid and sulfuric 
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acid. These acids were selected based on their effectiveness 
in hydrolyzing biomass to release reducing sugars. The dif-
ferent acids were prepared at a concentration of 1% (v/v) 
and kept constant. Further, the acid which produced maxi-
mum yield was employed in hydrolysis treatment.

2.2.3 Hydrolysis process
Enzymatic hydrolysis (EH)
The EH was conducted in two major stages namely liq-
uefaction and saccharification. Plantain peels (10 g) were 
mixed with 100 mL distilled water and the mixture was 
treated with 1 μL/g of Termamyl (α-Amylase from Bacillus 
licheniformis) 120 L at 90 °C and pH of 7 for 1 h followed 
by denaturing process which was done by incubating the 
mixture at 96 °C for 10 min. The mixture was then cooled 
at room temperature. The saccharification process was 
carried out by addition of 2.3 μL/g amyloglucosidase at 
50 °C, pH 4.5 for 24 h followed by addition of 4 μL/g cel-
lulase at 55 °C, pH 5.5 for 2 h [30, 31].

Hot-acid hydrolysis (HAH)
HAH was conducted in a magnetic stirrer at different tem-
perature (50, 60, 70 °C), time period (60, 120, 180 h) and 
solid/solvent ratio (1:5, 1:10, 1:15, g/mL). 

Ultrasonic aided-dilute acid hydrolysis (UADAH)
Ultrasonic Processor VCX-750, (Sonics and material Inc, 
USA) operating at 20 kHz nominal frequency with max-
imum power of 750 W, was used for this study, with a tip 
diameter of 13 mm (Ti-6Al-4V). Continuous mode of duty 
cycle was applied for hydrolysis process. The reaction was 
carried out in a water-cooled jacketed beaker and cold 
water was circulated in order to maintain the temperature 
of the reaction at 60 °C. The schematic experimental set is 
depicted in Fig. 1. The process parameters taken into con-
sideration for maximizing reducing sugar yields were acid 
concentration, solid to liquid ratio, amplitude and time.

2.2.4 Fermentation
The fermentation studies were performed using baker's 
yeast (Saccharomyces cerevisiae) for ethanol production. 
Experiments were conducted in a shaking water bath operat-
ing at 120 rpm with 5 g/L hydrolysate subjected to 3% yeast 
culture at 30 °C. pH was fixed at 4 and the samples were 
withdrawn from fermentation broth at regular time inter-
vals of 12–96 h. The fermentation broth was centrifuged 
and the supernatant was analyzed quantitatively by potas-
sium dichromate method for the presence of ethanol. 1 mL 
of cell – free sample and 2 mL of 0.115 M K2Cr2O7 was 
mixed and 9 mL of distilled water was added to the mixture. 
The mixture was kept in a boiling water bath for 10 min. 
The samples were cooled and the absorbance was measured 
at 600 nm using UV–Visible spectrophotometer (Shimadzu, 
UV-2600). Ethanol yield was calculated as the ratio of eth-
anol produced in the experiment to the theoretical ethanol.

2.2.5 Analysis
The reducing sugar concentration was analyzed using 
dinitrosalicylic acid (DNS) assay method [32]. An Elico 
double beam UV-VIS Spectrophotometer (Model SL-210, 
Telangana, India) was employed to determine absorbance 
at 540 nm. 

2.2.6 Response surface methodology (RSM)
RSM is a statistical mathematical tool that correlates the 
multiple independent process variables and dependent 
responses and also determines the optimum condition for 
maximum yield [33]. In this study, Design-Expert (ver-
sion 11.1.2.0, Stat-Ease, Inc., Minneapolis, USA) [34] was 
used to analyze the regression statistical approach. Box-
Behnken design was used for statistical analysis of exper-
imental values obtained in the case of HAH and UADAH. 
The experimental levels of process variables for hydrolysis 
were selected based on the preliminary experiments. RSM 
levels was fixed with four factors, each varied at three lev-
els: Acid concentration – 0.20% v/v (−1), 1.10% v/v (0) and 
2% v/v (+1), solvent volume – 5 mL/g (−1), 10 mL/g (0), 
15 mL/g (+1), temperature – 50 °C (−1), 60 °C (0), 70 °C 
(+1) and time – 60 h (−1), 120 h (0), 180 h (+1). 

The quadratic polynomial equation for performing 
the statistical approach of experimental values is given 
below [33]:

Y X X X X X X X
X X X X X X

� � � � � �
� � �

� � � � � �
� � �

0 1 1 2 2 3 3 11 1 1 22 2 2

33 3 3 12 1 2 13 1 33 23 2 3
� � X X .

 (1)

Fig. 1 Schematic representation of the experimental setup
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Where Y is dependent variable (response), β0 is the inter-
cept coefficient of model, β1, β2, β3, are linear coefficient, 
β11, β22, β33, are quadratic coefficient, β12, β13, β23 are interac-
tion coefficients, X1, X2, X3 are independent variables [35]. 

3 Results and analysis
3.1 Chemical composition analysis
The sample was subjected to steam explosion pre-treat-
ment in order to reduce the lignin content present in the 
plantain peels. The results illustrated in Fig. 2 confirmed 
that plantain peels are rich in cellulose/hemicelluloses 
compared to lignin content and therefore can be converted 
to reducing sugar. The values thus obtained were closely 
in agreement with the work done by Igbokwe et al. [36]. 
Also, Ighodaro [13] reported that the cellulose content of 
plantain peels before treatment was 35.36% while that of 
plantain peels after treatment was 44.88%.

3.2 Selection of acid for hydrolysis
The efficiency of various acids like acetic acid, formic 
acid, hydrochloric acid, sulfuric acid and propanoic acid 
on reducing sugar yield was studied under constant exper-
imental conditions - acid concentration 1% v/v, solid/liq-
uid ratio 1:10, temperature 60 °C and time 60 min and the 
results are shown in Fig. 3. The results revealed that the 
use of sulfuric acid resulted in 63.12 mg/g reducing sugar 
yield, acetic acid and formic acid produced lower yield of 
32.18 and 36.29 mg/g, respectively. Propanoic acid and 
hydrochloric acid yielded 50.25 and 49.73 mg/g, respec-
tively. Therefore, sulfuric acid was used for further HAH 
and UADAH processes. 

3.3 Ultrasonic aided-dilute acid hydrolysis (UADAH)
3.3.1 Influence of UADAH variables on reducing sugar
The effect of UADAH process variables on the reducing 
sugar was investigated and results are depicted in Fig. 3. 
It can be seen that, on increasing the acid concentration 
from 0.2 to 1.1% (v/v), the reducing sugar yield elevated 
from 126.40 mg/g to 166.37 mg/g (shown in Fig. 4 (a)) as 
increasing the concentration led to faster initial conversation 
rate and high reducing sugar production up to 1.1%. On the 
contrary, when loading was further increased to 2% (v/v), 
the reducing sugar slightly decreased probably owing to the 
corrosive nature of acid that caused further degradation of 
monosaccharides to furfurals and 5-hydroxymethyl furfu-
rals which turn out to be fermentation inhibitors [37]. 

The effect of solvent volume added to per gram of sam-
ple was studied by varying the ratio over the range of 1:5 
to 1:15 g/mL. Increasing the solid/liquid ratio from 1:5 to 
1:10 g/mL resulted in higher production (166.37 mg/g) of 
reducing sugar (Fig. 4 (c)). This could be attributed to the 
increase in viscosity and dampening effect of ultrasonic 
energy due to higher amount of solids present in the same 
processed liquid [5]. 

Solid/liquid ratios above 1:10 g/L showed no significant 
change in reducing sugar yield which might be because 
of the attainment of saturation point beyond which there 
could be no solid solvent interaction. The impact of higher 
amplitude of ultrasound treatment has both advantages and 
disadvantages of its own (shown in Fig. 4 (b), (c)). While 
increasing the amplitude from 70 to 82%, disruption of the 
strong solute matrix interactions and active sites on the 
biomass matrix leads to faster rate of diffusion [38, 39]. 
This corresponds to the increasing trend of reducing sugar 
recovery of 166.37 mg/g (shown in Fig. 4 (b), (c)). 

Fig. 2 Chemical composition analysis of plantain peels before and after 
steam treatment

Fig. 3 Comparison of acid efficiency for reducing sugar production
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Fig. 4 Influence of UADAH process variables on reducing sugar production (a) Interactive effect of acid concentration and solvent volume, 
(b) Interactive effect of solvent volume and amplitude, (c) Interactive effect of amplitude and time, (d) Interactive effect of acid concentration and 

time, (e) Predicted vs. Actual values of the model fit

(a) (b)

(c) (d)

(e)
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On the other hand, at higher amplitudes (above 82%) 
and a constant power of ultrasonic irradiation, the cavita-
tion intensity decreases. This correlates to the fact that as 
the amplitude increases; the vapor pressure of the solvent 
also increases [40]. Hence vaporous, cavitation bubbles are 
generated, giving less intense bubble, which collapses [41]. 
Therefore, desired sonication effects are reduced which 
leads to reduction in yield (shown in Fig. 4 (b), (c)).

The conversion rate of reducing sugar increased from 
126.40 mg/g to 166.37 mg/g as the acid treatment time 
increased from 30 min to 45 min (Fig. 4 (d)). After 45 min 
the reducing sugar content decreased to 131.68 mg/g. This 
might be due to longer period of sonication that causes 
its decomposition and structural changes. Harun et al. [42] 
reported that the production of reducing sugars from water 

hyacinth biomass improved with an increase in ultrasonic 
treatment time to 30 min. Wang and Zhang [43] stud-
ied the effect of ultrasonic treatment on the recovery of 
xylan from a corncob biomass suspended in an alkaline 
solution. The rate of recovery of xylan was reported to 
increase with an increase in time until 30 min; however, 
no enhancement was observed beyond 30 min. The exper-
imental results are summarized in Table 1.

3.3.2 Model fitting
Pareto analysis of variance (ANOVA) was used to inves-
tigate the adequacy of statistical model. The significance 
of model and each independent variable on the response 
was verified using F-test and p-value, with all associ-
ated results are given in Table 2 and also the developed 

Table 1 Experimental values of UADAH

S. No Acid concentration Solvent volume Amplitude Time Reducing sugar (mg/g)

(% v/v) (mL/g) (%) (min) Exp Pre

1 1.1 (0) 15.0 (+1) 90 (+1) 45 (0) 154.27 153.28

2 1.1 (0) 5.0 (−1) 70 (−1) 45 (0) 144.08 147.28

3 1.1 (0) 15.0 (+1) 80 (0) 30 (−1) 151.46 152.86

4 1.1 (0) 10.0 (0) 90 (+1) 60 (+1) 133.05 135.05

5 1.1 (0) 10.0 (0) 80 (0) 45 (0) 164.45 164.53

6 0.2 (−1) 10.0 (0) 80 (0) 60 (+1) 131.68 134.98

7 0.2 (−1) 10.0 (0) 90 (+1) 45 (0) 134.32 132.35

8 2.0 (+1) 10.0 (0) 70 (−1) 45 (0) 149.71 150.40

9 2.0 (+1) 10.0 (0) 80 (0) 60 (+1) 150.89 150.06

10 1.1 (0) 10.0 (0) 90 (+1) 30 (−1) 152.24 151.62

11 2.0 (+1) 5.0 (−1) 80 (0) 45 (0) 147.05 146.98

12 0.2 (−1) 15.0 (+1) 80 (0) 45 (0) 148.96 148.10

13 1.1 (0) 10.0 (0) 80 (0) 45 (0) 162.37 164.53

14 1.1 (0) 5.0 (−1) 90 (+1) 45 (0) 132.81 133.31

15 1.1 (0) 15.0 (+1) 80 (0) 60 (+1) 154.29 152.81

16 1.1 (0) 10.0 (0) 70 (−1) 60 (+1) 158.66 158.35

17 0.2 (−1) 10.0 (0) 70 (−1) 45 (0) 143.55 141.18

18 2.0 (+1) 15.0 (+1) 80 (0) 45 (0) 149.08 149.30

19 0.2 (−1) 5.0 (−1) 80 (0) 45 (0) 126.40 125.25

20 2.0 (+1) 10.0 (0) 80 (0) 30 (−1) 147.38 146.29

21 1.1 (0) 10.0 (0) 70 (−1) 30 (−1) 144.42 141.49

22 1.1 (0) 10.0 (0) 80 (0) 45 (0) 165.89 164.53

23 1.1 (0) 10.0 (0) 80 (0) 45 (0) 163.22 164.53

24 2.0 (+1) 10.0 (0) 90 (+1) 45 (0) 144.96 146.05

25 1.1 (0) 15.0 (+1) 70 (−1) 45 (0) 150.78 152.49

26 1.1 (0) 10.0 (0) 80 (0) 45 (0) 166.37 164.53

27 1.1 (0) 5.0 (−1) 80 (0) 60 (+1) 143.09 140.41

28 1.1 (0) 5.0 (−1) 80 (0) 30 (−1) 139.88 140.08

29 0.2 (−1) 10.0 (0) 80 (0) 30 (−1) 135.40 138.45
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model was significant with experimental values which is 
depicted in Fig. 4 (e). The p-value evaluation was carried 
out to find the significance of model coefficients, individ-
ual and interacting terms on the response. The higher sig-
nificant variables had less p-value. The p-value less than 
0.0001 showed that the predicted model was highly sig-
nificant. The R2 value of 0.9745 when closer to 1, indi-
cates the better correlation between the predicted model 
and experimental results. It also demonstrates the accu-
racy of the developed model [44]. The adjusted R2 (0.9489) 
and predicted R2 (0.8659) indicated the adequacy of model. 
The adequate precision is the measure of signal-to-noise 
ratio and when it is higher than 4, it is said to be desir-
able [45]. The results of present study were found to be 
22.25, which showed that the signal is adequate. 

The coefficient of variation (C.V%) indicates the aver-
age value of residual variation and higher the C.V% val-
ues have lowered the reliability [30]. The C.V% value of 
present study, 1.66%, shows high reliability of the exper-
iments. The "Lack of Fit" p-value 0.1577 indicates in-sig-
nificant term. There was only 0.1577% chance that it might 
exist due to noise. 

3.3.3 Optimization
The UADAH optimum condition was determined using 
numerical optimization in order to obtain maximum yield. 
It was found that, acid concentration of 1.2%, solvent vol-
ume of 12 mL/g, amplitude of 80% and time of 46 min 
resulted in maximum yield. Under optimum condition, the 
predicted reducing sugar yield was 167.12 mg/g. To vali-
date the predicted value, experiments were carried out in 
triplicate and the yield obtained was 166.89 ± 0.75 mg/g. 
It can be observed that the experimental yield thus 
obtained (166.89 ± 0.75 mg/g) was in close agreement with 
statistically predicted value. 

3.4 Comparison of hydrolysis process
The UADAH process was compared to HAH and EH for 
maximum reducing sugar yield and the results are given in 
Fig. 5. The UADAH process yielded 166.89 ± 0.75 mg/g, 
HAH process gave 115.03 ± 0.87 mg/g and EH produced 
131.04 ± 0.29 mg/g of reducing sugar yield. The UADAH 
process showed a maximum yield compared to other 
methods (EH and HAH), this could be attributed to the 
disruption of polymeric structure and the polysaccharides 

Table 2 Analysis of variance (ANOVA)

Source Sum of squares Coefficient estimate DF Mean square F-value p-value Prob > F

Model 3217.54 164.53 14 229.82 38.16 < 0.0001

X1 393.99 5.73 1 393.99 65.42 < 0.0001

X2 475.40 6.29 1 475.40 78.94 < 0.0001

X3 130.35 −3.30 1 130.35 21.64 0.0004

X4 0.065 0.073 1 0.065 0.011 0.9190

X1 X2 105.37 −5.13 1 105.37 17.50 0.0009

X1 X3 5.02 1.12 1 5.02 0.83 0.3768

X1 X4 13.07 1.81 1 13.07 2.17 0.1629

X2 X3 54.46 3.69 1 54.46 9.04 0.0094

X2 X4 0.036 −0.095 1 0.036 0.005 0.9394

X3 X4 279.39 −8.36 1 279.39 46.39 < 0.0001

X12 1114.95 −13.11 1 1114.95 185.13 < 0.0001

X22 527.08 −9.01 1 527.08 87.52 < 0.0001

X32 516.90 −8.93 1 516.90 85.83 < 0.0001

X42 522.85 −8.96 1 522.85 86.82 < 0.0001

Residual 84.31 14 6.02

Lack of Fit 74.12 10 7.41 2.91 0.1577

Pure error 10.20 4 2.55

Std. Dev. 2.45 R2 0.9745

Mean 147.97 Adj. R2 0.9489

C.V% 1.66 Pred. R2 0.8659

PRESS 442.85 Adep. Pre. 22.25
DF: degree of freedom, PRESS: prediction error sum of squares
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glycosidic bonds present in the plantain peel via acid hydro-
lysis as well as ultrasonic cavitation. The micro-bubbles 
formed due to ultrasonic waves allowed more accessibil-
ity of solvent thus favoring the hydrolysis process [45, 46]. 
In addition, destruction of rigid protein matrix (hydropho-
bic) and amylose-lipid complex surrounding granules via 
acoustic cavitation enhanced the productivity [47]. Hence, 
ultrasonic cavitation helps in enriching the activity of cat-
alyst and lowering the limiting barrier of diffusion around 
the substrate which leads to intensification of hydrolysis 
rate of reaction [23]. 

Thus, reduction in process time compared to HAH and 
EH. It is important to note that processing time of UADAH 
process was 3 folds lower than that of HAH and more than 
20 folds than that of EH. When consider about cost impli-
cation of EH and HAH processes could impact negatively 
due their lower yield as well as longer processing time on 
the basis of techno economic analysis. The current study 
results show that reduction of hydrolysis processing time 
by UADAH which is significant result noticing in eco-
nomical point of view and helps in energy saving as well. 
The result of present study was in agreement with previ-
ous studies using sugarcane bagasse, spent citronella [48], 
sweet lime peel [1] and rice hull biomass hydrolyzed by 
sonication assisted process.

3.5 Fermentation
Fermentation was carried out using hydrolysate obtained 
from UADAH, HAH and EH at optimum condition. 
The ethanol production started from 12 h of fermenta-
tion process and ethanol yield was calculated for every 
12 h of the process, the results are illustrated in Fig. 6. 
Fermentation using S. cerevisiae at a pH lower than 4, 

produced acetic acid while pH higher than 5 resulted in 
butyric acid during bioethanol production process. John 
et al. [29] also reported that maximum bioethanol produc-
tion occurred at pH 4. So, in the current study, fermen-
tation process was carried out at pH 4. Bioethanol yield 
increased up to a fermentation period of 48 h and then 
it started to decline. This could be due to the reaction of 
alcoholic groups with acetic acid and other by-products 
of fermentation process. The maximum bio – ethanol 
yield of 76%, 49% and 61% was obtained from UADAH, 
HAH and EH respectively, with fermentation duration 
of 48 h and pH 4 as shown in Fig. 6. Velmurugan and 
Muthukumar [25] stated that generation of fermentation 
inhibitors noticeably decreased in UADAH treatment. 
This could be the reason for the maximum yield obtained 
from UADAH. The present study bioethanol yield was 
compared with other sources such as 35.86% from mixed 
fruit sample, 26.50% from mango pulp and 28.45% from 
banana pulp [49] and found that higher yield (76%) was 
obtained from plantain peel. 

4 Conclusion
An in-depth study into hydrolysis of waste plantain peel 
biomass has been carried out to obtain maximum reduc-
ing sugar and bio – ethanol yield. For acid hydrolysis, 
five different acids have been investigated, and sulfuric 
acid was found to release maximum reducing sugar and 
further, HAH and UADAH were carried out with sulfu-
ric acid. UADAH process resulted in the highest yield of 
166.89 ± 0.75 mg/g under the optimum condition of 1.2% 
acid concentration, 12 mL/g solvent volume, 80% ampli-
tude and 46 min processing time. The bio-ethanol yield 
was obtained as 76%, 49% and 61% from UADAH, HAH 

Fig. 5 Comparison of effectiveness of UADAH process with HAH and EH Fig. 6 Bioethanol yield on different hydrolysis process
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and EH respectively. Hence, in the present study, it is con-
cluded that ultrasonic cavitation assisted acid hydrolysis 

intensified the reducing sugar yield and bioethanol pro-
duction in less processing time. 
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