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A B S T R A C T   

Melon peels can be a low-cost raw material for the production of bioethanol due to its high worldwide production 
and contents in cellulose, protein and minerals. In this work, several strategies were proposed for this purpose. 
Centrifugation of the raw material and autohydrolysis of the washed solid were used as pretreatment for the 
recovery of a sugar rich juice and a glucan rich solid, respectively. The enzymatic hydrolysis of the autohy
drolysis spent solid was studied by response surface assessment. High glucose concentrations (35.15 g/L after 24 
h) and yields were obtained operating at a liquid solid ratio of 10 g/g and cellulase to solid ratio of 17.5 FPU/g. 
In the selected conditions, the simultaneous saccharification and fermentation (SSF) of the solid was studied 
using the juice (virgin and concentrated) in the formulation of the media. Moreover, the separate fermentation of 
the juice (virgin and concentrated) was also evaluated, as well as a pre-fermentation followed by SSF. Finally, 
several scenarios were proposed, achieving the maximum bioethanol production by SSF and separate juice 
fermentation (17.84 g/100 g melon peel), and the maximum concentration by SSF using concentrated juice in the 
formulation of the medium (56.24 g/L).   

1. Introduction 

The negative environmental impact of fossil fuels and their fast 
depletion have created the need to limit the growth of the world energy 
consumption and to transition to renewable and eco-friendly energy 
sources [1,2]. In this context, the production of energy from food waste, 
along with the production of high-value products, could present a sus
tainable alternative as well as improve the economic performance of 
biorefineries [3,4]. 

The recently revised [5] Renewable Energy Directive 2018/2001 
(REDII) [6] provides a common framework for the promotion of 

renewable energy in the EU, in context with the European Green Deal 
[7]. This revision, expected to be adopted by the end of 2022, proposes 
more ambitious targets in order to achieve climate neutrality in 2050. 
This includes increasing the renewable energy target to 40 % by 2030. 
Moreover, REDII requires a minimum of 14 % renewable energy in 
transport by 2030. In this regard, bioethanol is one of the most well- 
known renewable fuels, with characteristics such as low boiling point, 
low toxicity to the environment, high octane number and significant 
energy content [8]. Moreover, nowadays it is also recognized as a key 
platform chemical for the production of other fuels including hydrogen, 
butanol and renewable hydrocarbons, and some chemicals such as acetic 

Abbreviations: AH, autohydrolysis; CEst, stoichiometric factor of glucan to glucose conversion; CSR, Cellic CTec2-Substrate Ratio; EtOH, ethanol concentration; 
EtOHMAX, parameter in modified Gompertz equation meaning the potential maximum ethanol concentration; Fru, fructose concentration; Glc, glucose concentration; 
GGC, Glucan-to-Glucose Conversion; GlcMAX, fitting parameter of Holtzapple equation measuring the maximum glucose concentration; Gn, glucan content of the 
pretreated solid; Glcpot, potential glucose concentration; JFc, fermentation of concentrated melon juice; JFc-SSF, sequential fermentation of concentrated melon juice 
and SSF of autohydrolyzed solid; JFv, fermentation of virgin melon juice; KL, Klason Lignin content; LSR, Liquid-Solid Ratio; MP, Melon Peels; Qp, Ethanol volumetric 
productivity; REDII, Renewable Energy Directive 2018/2001; rm, parameter in modified Gompertz equation meaning the maximum rate of ethanol production; SC, 
Sugar Content; SHF, Separate Hydrolysis and Fermentation; SSF, Simultaneous Saccharification and Fermentation; SSFc, SSF of autohydrolyzed solid with 
concentrated melon juice; SSFv, SSF of autohydrolyzed solid with virgin melon juice; t1/2, fitting parameter of Holtzapple equation measuring the reaction time 
needed to reach a concentration corresponding to 50% of GlcMAX; tL, parameter in modified Gompertz equation meaning the phase-lag time; VSR, Viscozyme- 
Substrate Ratio; WIS, Water-Insoluble Solid; ρ, density. 

* Corresponding author at: Universidade de Vigo, Departamento de Enxeñaría Química, Facultade de Ciencias, As Lagoas, 32004 Ourense, Spain. 
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acid, ethyl acetate or ethylene [8,9]. 
The use of agri-food by-products as substrate for bioethanol pro

duction is a cheaper and more ethical alternative to the use of food crops 
such as corn, wheat or rice [10]. However, these by-products are made 
of complex structures containing mainly cellulose, hemicelluloses, 
pectin and lignin, and they require a pretreatment step followed by 

saccharification and fermentation [11,12]. The saccharification and 
fermentation steps can be carried out by several strategies, including 
separate hydrolysis and fermentation (SHF) and simultaneous sacchar
ification and fermentation (SSF), among others [13,14]. SSF has shown 
increased yields and reduced costs in comparison with SHF, due to the 
use of a single reactor and a decrease in substrate inhibition associated 

Fig. 1. Flow diagrams of the proposed scenarios in this work. Dotted lines represent alternative treatments and the corresponding results. LSR: liquid–solid ratio; 
WIS: water-insoluble solid. 
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with a lower accumulation of sugars [13,15]. 
In this context, melon peel waste is an abundant agri-food by-product 

with potential as a raw material for bioethanol production. Melon 
(Cucumis melo L.) is one of the most consumed and produced crops 
worldwide [16,17]. Its global production fluctuates around 26 million 
tonnes, with the main producer being China [17], while the main pro
ducer in Europe is Spain with 610,980 tonnes per year. The industrial 
processing of this fruit involves the separation of peels and seeds as by- 
products, representing 25–44 % and 3–7 % of the weight of the fruit, 
respectively [18]. Melon by-products are rich in valuable compounds 
including cellulose, pectin, hemicelluloses, protein and minerals, but are 
often underutilized [19–21]. Moreover, their content in protein and 
minerals would be especially beneficial in the formulation of low cost 
medium for biotechnological processes such as the production of 
bioethanol. 

To date, few authors have evaluated the potential of melon by- 
products for bioethanol production [22–24]. Salehi et al [22] and 
Zanivan et al. [23] did not exploit the polysaccharide content of melon 
peels, while Chaudhary et al. [24] used dilute acid hydrolysis for the 
saccharification, obtaining 10.30 g/L of ethanol after 6 days. Therefore, 
the aim of this work was the enhanced production of bioethanol by the 
valorization of melon peels following several strategies. 

2. Materials and methods 

Firstly, an experimental design of three variables at three levels 
(liquid–solid ratio, Cellic® CTec2 loading and Viscozyme loading) was 
proposed for the optimization of operational conditions in the enzymatic 
hydrolysis stage. Secondly, with the aim of integrating the valorization 
of important sugar-containing streams (melon peel juice obtained by an 
initial centrifugation step, with high contents of glucose, fructose, and 
protein) and spent solids (obtained by aqueous extraction and autohy
drolysis of the centrifuged melon peels) were evaluated as substrates for 
fermentation. This study comprises the following scenarios (see Fig. 1): 
i) fermentation of the melon juices (virgin and concentrated); ii) SSF, 
formulating the culture media with melon juices (virgin and concen
trated) and evaluating a fed-batch strategy; iii) sequential fermentation 
of the concentrated liquors and SSF of the spent solids; and iv) SSF of the 
spent solids with virgin melon juice and separate fermentation of the 
remaining juices (virgin and concentrated). 

2.1. Raw material 

Melon peels (MP) from the “piel de sapo” variety, were kindly sup
plied by FreshCut, S.L. (Vigo, Pontevedra, Spain). They were cut into 
small pieces before being frozen at − 18 ◦C until use. 

2.2. Pretreatment 

Fig. 1 shows the valorization schemes followed in this work, 
including the selected pretreatment conditions and production yields. 

2.2.1. Aqueous extraction 
A centrifugation step at 2800 rpm for 15 min (SV4028, AEG Elec

trolux) was used to separate a juice fraction rich in fructose, glucose and 
protein, followed by two aqueous extractions at room temperature for 
15 min to eliminate the remaining soluble sugars, using 400 g of wet MP 
with a liquid solid ratio of 40 g water/g of oven dry MP in a 10 L stirred 
reactor [25]. The water-insoluble solid (WIS) represented 39.95 % of the 
MP and was composed mainly of glucan, galacturonan, Klason lignin 
and protein (24.76, 18.41, 15.70 and 9.70 g/100 g WIS, respectively). 

2.2.2. Autohydrolysis 
The hydrothermal treatment was carried out as described in a pre

vious work [25]. Wet WIS samples of 80 g were mixed with deionized 
water (25 g water/g dry WIS) in a 0.6 L stainless steel, pressurized 

reactor (model 4842 from Parr Instruments, Moline, IL, USA) and heated 
up to 165 ◦C, and then cooled immediately. The solid phase was sepa
rated by filtration and stored at − 18 ◦C until use. 

2.3. Enzymatic hydrolysis: experimental design 

In order to select the saccharification conditions, samples of the 
autohydrolysis solid were subjected to enzymatic hydrolysis following a 
Box–Behnken design of three variables at three levels as shown in 
Table 1. The saccharification experiments were carried out in 100 mL 
Erlenmeyer flasks at 40 ◦C, pH = 4.85 and 150 rpm using the com
mercial enzyme preparations Cellic® CTec2 (a blend of cellulases, 
β-glucosidases and hemicellulases, acquired from Sigma-Aldrich, Stein
heim, Germany) and Viscozyme® L (a blend of β -glucanases, pectinases, 
hemicellulases and xylanases, kindly supplied by Novozymes, 
Denmark). Samples were withdrawn at timed intervals and then boiled 
and centrifuged before analysis. The activity of Cellic CTec2 (116 FPU/ 
mL) was determined as filter paper units [26] and the activity of Vis
cozyme (4348.7 U/mL) as the amount of enzyme able to catalyze the 
formation of 1 µmol of galacturonic acid per min at 37 ◦C and pH = 5 
from polygalacturonic acid 0.5 % [27]. 

The glucan-to-glucose conversion (GGC) was determined following 
equation (1) and fitted to the Holtzapple equation [28] (equation (3)). 

GGC (%) =
(Glct − Glc0)

Glcpot
(1)  

Glcpot (g/L) =
Gn/CEst • ρ

LSR + 1 − KL
(2)  

Glct (g/L) = GlcMAX
t

t + t1/2
(3)  

where Glct and Glc0 are glucose concentrations are times t and 0, Glcpot 
is the potential glucose concentration, Gn is the glucan content of the 
pretreated solid, CEst is the stoichiometric factor, ρ is the density of the 
medium, LSR is the liquid to solid ratio, KL is the Klason lignin content of 
the pretreated solid and GlcMAX and t1/2 are fitting parameters 
measuring the maximum glucose concentration at an infinite time and 
the reaction time needed to reach a concentration corresponding to 50 % 
of GlcMAX, respectively. 

Table 1 
Experimental design for the enzymatic hydrolysis in terms of the dimensional 
variables LSR (liquid–solid ratio), CSR (Cellic CTec2-substrate ratio) and VSR 
(Viscozyme-substrate ratio) and dimensionless variables x1-x3.  

Experiment 
number 

Dimensional, independent variables Dimensionless, 
independent 
variables  

LSR (g/ 
g) 

CSR (FPU/ 
g) 

VSR (U/ 
g) 

x1 x2 x3 

1 10 5 25 − 1 − 1 0 
2 10 17.5 10 − 1 0 − 1 
3 10 17.5 40 − 1 0 1 
4 10 30 25 − 1 1 0 
5 17.5 5 10 0 − 1 − 1 
6 17.5 5 40 0 − 1 1 
7 17.5 17.5 25 0 0 0 
8 17.5 17.5 25 0 0 0 
9 17.5 17.5 25 0 0 0 
10 17.5 30 10 0 1 − 1 
11 17.5 30 40 0 1 1 
12 25 5 25 1 − 1 0 
13 25 17.5 10 1 0 − 1 
14 25 17.5 40 1 0 1 
15 25 30 25 1 1 0  
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2.4. Microorganism and inoculum preparation 

Ethanol Red®, a commercial Saccharomyces cerevisiae strain, was 
grown at 30 ◦C and 200 rpm for 12–14 h in a medium containing 20 g 
peptone/L, 10 g yeast extract/L and 20 g glucose/L. This process was 
repeated once at the same conditions, and the grown yeast was 
employed as inoculum in fermentation experiments. 

2.5. Fermentation 

Several fermentation experiments were carried out following the 
scenarios shown in Fig. 1. 

Scenarios i, iii and iv include the fermentation of melon peel juice 
samples from the first centrifugation step (virgin or concentrated). The 
concentration of the juice was performed by rotary evaporation (R-210, 
Buchi, Switzerland), whereas the fermentation was carried out at 40 ◦C 
and 120 rpm for 48 h (6 h for scenario iii) in an orbital shaker with 1.5 g/ 
L of inoculum (dry basis), with and without nutrients (20 g peptone/L 
and 10 g yeast extract/L). 

The simultaneous saccharification and fermentation (SSF) of the 
autohydrolysis solid was carried out in scenarios ii, iii and iv. The 
saccharification conditions for these experiments were selected previ
ously by experimental design of the enzymatic hydrolysis (LSR of 10 g/g, 
CSR of 17.5 FPU/g and VSR of 25 and 40 U/g). The use of external 
nutrients was studied using 20 g peptone/L and 10 g yeast extract/L. 
Melon peel juice from the first centrifugation step (virgin and concen
trated) was used for the formulation of the medium instead of water. 

A fed-batch strategy was assessed at the same conditions, starting 
with a LSR of 10 g/g and adding another 50 % of the feed, with the 
corresponding amount of enzymes, after 12 h of fermentation. 

In scenarios ii and iii, the spent solid fraction was added at initial 
time and after 6 h of fermentation, respectively. In these cases, in order 
to propose a zero waste global process, the LSR was increased to 11.4 g/ 
g, maintaining all the other previous experimental conditions. 

Samples were withdrawn at timed intervals, and they were centri
fuged before analysis. Ethanol yield and volumetric productivity (Qp) 
were calculated following equations (4) and (5), and ethanol concen
trations were fitted to the modified Gompertz model [29] (eq. (6)): 

Ethanol yield (%) =
(EtOHt − EtOH0)

0.51 • SC
(4)  

Qp (g/L • h) =
EtOHt

t
(5)  

EtOHt (g/L) = EtOHMAX • exp
[

− exp
[

rm • exp(1)
EtOHMAX

(tL − t) + 1
] ]

(6)  

where EtOHt and EtOH0 are ethanol concentrations at times t and 0, 0.51 
is the stoichiometric factor for glucose to ethanol conversion, SC is the 
total sugar content in g/L, including hexoses in the juice, in the enzyme 
preparations and in the solid (as monomers), EtOHMAX is the potential 
maximum ethanol concentration (g/L), rm is the maximum rate of 
ethanol production (g/Lh) and tL is the phase-lag time (h). 

2.6. Analytical methods 

2.6.1. Analysis of the solids 
Samples of WIS and autohydrolysis solids were dried at 60 ◦C until 

constant weight and subjected to moisture (TAPPI T-264-om-88 
method) and ash (T-244-om-93 method) determination. Minerals were 
determined by atomic absorption spectrometry (Varian Spectra AA 220/ 
FS), for which microwave assisted acid digestion was carried out with 5 
mL of HNO3 65 % (w/w), 1 mL of H2O2 30 %(w/v) and 0.5 mL of HF 40 
% (w/w). Protein content was calculated from the nitrogen content 
(assuming 6.25 g protein/g nitrogen), determined with an elemental 
analyzer (Thermo Finnigan EA 1112). Finally, conventional quantitative 

acid hydrolysis with 72 % H2SO4 (TAPPI T13 m method) was used to 
determine the content of hemicelluloses, glucan and Klason lignin. The 
oven-dried solid residue from hydrolysis was considered as Klason lignin 
(TAPPI T13 m assay), while the liquid phase was analyzed by HPLC 
using an Agilent 1260 equipped with a refractive index (RI) detector. 
Citric acid, rhamnose, arabinose and acetic acid were separated using an 
Aminex HPX-87H column (BioRad, Life Science Group, Hercules, CA), 
operating with 3 mM H2SO4 as the mobile phase, at a flow rate of 0.6 
mL/min at 50 ◦C; whereas glucose, sucrose, xylose, galactose, mannose 
and fructose were separated with a CARBOSep CHO-682 Pb column 
(Transgenomic, Glasgow, UK) operating with deionized water as the 
mobile phase, at 0.4 mL/min and 80 ◦C. An aliquot of the liquid phase 
was also subjected to uronic acid determination by spectrophotometry, 
with galacturonic acid as standard [30]. 

2.6.2. Chemical characterization of liquors 
Samples from the enzymatic hydrolysis and fermentation experi

ments were filtered through 0.45 µm membranes and analyzed for 
glucose, fructose and ethanol by HPLC using an Agilent 1260 equipped 
with a refractive index (RI) detector and an Aminex HPX-87H column 
(BioRad, Life Science Group, Hercules, CA), operating with 3 mM H2SO4 
as the mobile phase, at a flow rate of 0.6 mL/min at 50 ◦C. 

2.7. Data analysis 

All the data were analyzed using the commercial software Microsoft 
Excel (Microsoft, USA). The regression coefficients and statistical pa
rameters (ANOVA test) were also obtained using Microsoft Excel. 

3. Results and discussion 

3.1. Pretreatment of the raw material 

The schemes followed in this work are shown in Fig. 1. The pre
treatment steps included an initial centrifugation of melon peels for the 
recovery of a juice rich in fermentable sugars, and (in schemes ii, iii and 
iv) an aqueous extraction of the centrifuged solid to eliminate the 
remaining soluble sugars. The water insoluble solid (WIS) from schemes 
ii, iii and iv was then subjected to non-isothermal autohydrolysis at 
165 ◦C, resulting in a liquid fraction containing pectic oligosaccharides 
and phenolic compounds [25] and a solid fraction enriched in cellulose 
and lignin. 

3.2. Chemical composition 

Table 2 details the chemical composition of the melon peel juice (57 
% of the raw material) and of the autohydrolyzed solid (24 % of the raw 
material). Fermentable sugars (glucose, fructose and sucrose) accounted 
for 58.42 % of the non-volatile content of the juice, which also had high 
contents of ash and protein. Regarding the autohydrolysis solid, it had a 
high moisture content (61.68 %) and its main components were glucan 
and lignin with percentages of 36.69 and 25.50 %, respectively, and 
recoveries of 98.21 and 99.53 % from their respective contents in the 
WIS. These results can be favorably compared with the glucan content of 
hydrothermally treated pomegranate peels (25–26 %) [31] and cocoa 
pod husks (21.22 %), which also contained a higher lignin content 
(41.60 %) [32]. The protein content of the solid should also be noted due 
to its nutritional value for the fermentation medium. In this line, the 
mineral content of both solid and juice could also have a positive effect 
in bioethanol production [33,34]. Potassium, sodium, magnesium and 
calcium were found in high amounts in the juice, while the solid showed 
higher calcium and iron contents. 

3.3. Assessment of the enzymatic hydrolysis 

The evaluation of the enzymatic hydrolysis conditions was proposed 

X. Rico et al.                                                                                                                                                                                                                                     



Fuel 334 (2023) 126710

5

as the first step to study the bioethanol production from autohydrolyzed 
melon peels. The Cellic® CTec2 enzyme blend was selected due to its 
cellulase and β-glucosidase activities. However, preliminary experi
ments carried out showed a really high viscosity at low LSR which 
hindered the hydrolysis completely. In view of this, Viscozyme® L (an 
enzyme blend including pectinase, β-glucanase, hemicellulose and 
xylanase activity) was added in order to reduce the viscosity of the 
medium as previously reported in the literature [35,36]. The positive 
results obtained proved the need of this enzyme, which was included as 
an independent variable in the next experiments. 

In order to determine the most favorable conditions for the enzy
matic saccharification, an experimental design of three variables at 
three levels was proposed. The studied variables were liquid–solid ratio 
(LSR, 10–25 g/g), Cellic CTec2 to substrate ratio (CSR, 5–30 FPU/g) and 
Viscozyme to substrate ratio (VSR, 10–40 U/g). 

3.3.1. Experimental data of enzymatic kinetics 
Table 3 shows the results for the Holtzapple equation parameters 

(GlcMAX and t1/2) and the correlation coefficient (R2) for each of the 
experiments presented in Table 1. 

As can be seen in Table 3, the experimental data was well fitted by 
the empirical equation proposed (R2 between 0.962 and 0.998). The 
theoretical maximum glucose concentrations (GlcMAX) reached over 90 
% of the glucose potential (GlcPot) in almost every experiment (with the 
exceptions being experiments 1, 10 and 15), demonstrating the high 
enzymatic susceptibility of the autohydrolyzed solid. Moreover, all the 
experiments showed fast saccharifications with glucose concentrations 
of 85–97 % of GlcMAX at 32 h, except for experiment 1, which also had 
the highest t1/2 value of 9.94 h. The fastest saccharifications were found 
in experiments 10, 11 and 15 (t1/2 of 0.75–1.36 h), performed at the 
highest CSR. The same cannot be said for experiment 4, also using the 
highest CSR but the lowest LSR. However, exp. 4 was still faster than 
other experiments with the same LSR (expts. 1–4). 

3.3.2. Optimization of enzymatic hydrolysis of autohydrolysis spent solid 
fraction: Application of the response surface methodology 

Response surface methodology was used for the interpretation of the 
effect of the operating conditions on the dependent variables. This 
method is useful to determine the interactions between independent and 
dependent variables with a reduced number of experiments [37,38]. For 
this purpose, the parameters GlcMAX, t1/2 and GGC32h (glucan to glucose 
conversion at 32 h) were fitted to empirical models following equation 
(7). 

yj = b0j +
∑3

i=1
bijxi +

∑3

i=1

∑3

k≥i
bikjxixk (7) 

Where yj is the dependent variable (GlcMAX, t1/2, and GGC32h), xi or 
xk are the normalized independent variables (LSR, CSR and VSR) and b0j- 
bikj are the regression coefficients calculated by multiple regression with 
the least-squares method. The regression coefficients and the ANOVA 
data are detailed in Table 4. All the correlations were significant and 
presented good fits with R2 values over 0.9. 

According to the coefficients shown in Table 4, the negative linear 
term of LSR was the most influential factor for GlcMAX, followed by the 
positive quadratic term of the same variable and the negative quadratic 
term of the CSR. Fig. 2a, represents the calculated dependence of GlcMAX 
on LSR and CSR at fixed VSR values (10, 25 and 40 U/g). GlcMAX reached 
the highest values at lower LSR and intermediate CSR. Meanwhile, VSR 
had a positive effect on the theoretical maximum glucose concentra
tions, although it was the least influential variable. The maximum 
GlcMAX predicted by the model was 41.63 g/L, reached at CSR 19.06 

Table 2 
Composition of the melon peel juice and the autohydrolyzed solid.   

a) Composition of the two fractions 

Component Content 
Juice (g/100 g dry weight) 
Citric Acid 2.46 ± 0.01 
Glucose 23.50 ± 0.14 
Fructose 25.46 ± 0.15 
Sucrose 9.46 ± 0.06 
Protein 12.87 ± 0.14 
Ash 17.52 ± 0.15 
Autohydrolyzed solid (g/100 g dry weight) 
Glucan 39.69 ± 0.36 
Galacturonan 7.91 ± 0.21 
Xylan 2.00 ± 0.07 
Galactan 2.35 ± 0.26 
Mannan 2.07 ± 0.23 
Arabinosyl Substituents 0.79 ± 0.04 
Acetyl Groups 1.05 ± 0.04 
Klason Lignin 25.50 ± 1.84 
Protein 9.03 ± 0.52 
Ash 2.56 ± 0.09   

b) Mineral content (mg/100 g dry weight) 

Component Autohydrolyzed solid Juice 

Magnesium 138.95 ± 7.22 690.44 ± 10.04 
Calcium 854.24 ± 52.78 630.56 ± 8.75 
Potassium 30.44 ± 2.00 6,445.45 ± 63.50 
Sodium 9.30 ± 3.86 858.40 ± 6.79 
Zinc 3.99 ± 0.24 5.39 ± 0.08 
Copper 1.10 ± 0.10 – 
Iron 11.97 ± 0.35 2.12 ± 0.02 
Manganese 2.01 ± 0.09 1.60 ± 0.07  

Table 3 
Holtzapple parameters obtained in experiments 1–15.  

Expt GlcMAX (g/L) t1/2 (h) R2 

1  36.30  9.94  0.998 
2  40.23  4.84  0.998 
3  42.11  4.98  0.992 
4  38.52  3.15  0.962 
5  23.31  6.12  0.996 
6  25.27  6.42  0.964 
7  23.30  1.83  0.977 
8  23.06  2.03  0.991 
9  24.11  2.69  0.989 
10  21.04  0.75  0.971 
11  23.27  1.36  0.996 
12  15.77  5.90  0.992 
13  16.11  2.30  0.992 
14  19.79  6.00  0.995 
15  15.34  0.96  0.968  

Table 4 
Regression coefficients and statistical parameters measuring the correlation and 
significance of models (based on ANOVA test) for the selected dependent 
variables.  

Parameter GlcMAX (g/L) t1/2 (h) GGC32h (%) 

Intercept  23.491*  2.183**  91.773* 
x1 (LSR)  − 11.269*  − 0.970**  3.213** 
x2 (CSR)  − 0.311  − 2.769*  3.577** 
x3 (VSR)  1.220**  0.593  4.187** 
x1 x2  − 0.663  0.462  − 2.338 
x1 x3  0.452  0.890  1.815 
x2 x3  0.066  0.080  − 0.472 
x1

2  4.664*  1.835**  − 4.447*** 
x2

2  − 1.673**  0.969  − 8.230* 
x3

2  1.406***  0.512  3.928*** 
Significance  99.996  99.215  97.561 
SD  1.126  0.946  3.517 
R2  0.994  0.953  0.924 
Adj-R2  0.984  0.869  0.787 
*, significant coefficients at the 99 % confidence level; **, significant coefficients at 

the 95 % confidence level; ***, significant coefficients at the 90 % confidence level.  
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FPU/g, LSR 10 g/g and VSR 40 U/g. 
The dependence of t1/2 on LSR and CSR at VSR of 10, 25 and 40 U/g 

is shown in Fig. 2b. As can be inferred by the model coefficients in 
Table 4, although both variables are significant, CSR had a higher effect 
on this parameter than LSR. Higher CSRs result in lower t1/2, denoting a 
positive effect on the saccharification rate. The same behavior has been 
found in the literature for other raw materials, such as apple pomace and 
Eucalyptus globulus wood [39,40]. Regarding LSR, its quadratic term was 
more influential than the linear one and its positive value indicates a 
minimum, which can be seen in Fig. 2b at around 17–23 g/g. 

In order to assess the effect of the dependent variables on glucan-to- 
glucose conversion (GGC), the values at 32 h were fitted to the model. At 
this time, saccharifications were almost complete with GGC ranging 
from 67.08 to 100.00 %, corresponding to experiments 1 and 14. As can 
be seen by the coefficients in Table 4, all three lineal terms had a sig
nificant and positive effect on GGC32h, while the quadratic term of CSR 
was the most influential variable. 

Fig. 2c and d represent the calculated dependence of GGC32h on LSR 
and CSR at VSR of 10, 25 and 40 U/g, and on CSR and VSR at LSR of 10, 
17.5 and 25 g/g, respectively. As can be seen in Fig. 2c, GGC32h response 
surfaces reached maximum values at intermediate CSR (18–23 FPU/g) 
and intermediate to high LSR (17–25 g/g), decreasing slightly after
wards as reflected by the negative sign of their quadratic terms, being 
this effect less pronounced for the LSR. Concerning VSR, the highest 
values for the GGC32h (76.74–100 %) were predicted for VSR of 40 U/g. 
In general terms, from Fig. 2d it should be noted the positive effect of 
intermediate to high LSR (range 17.5–25 g/g) on the GGC32h. 

Taking into account the response surfaces assessment, the selected 
conditions to continue the study were LSR 10 g/g, CSR 17.5 FPU/g and 
VSR 40 U/g. The lowest LSR was selected in order to improve the eco
nomic viability of the process, while an intermediate CSR allowed 
obtaining high yields and concentrations at fast rates. Regarding VSR, 
the highest loading was selected due to the notable decrease in the 

viscosity of the medium, as well as its positive effect on GGC and GlcMAX. 
At these conditions, the experimental results showed that 35.15 g/L of 
glucose were released after 24 h of saccharification, representing a 
conversion of 85.66 %. The selected models at the same conditions 
predicted a GlcMAX of 41.60 g/L, t1/2 of 5.20 h and a GGC32h of 90.41 %, 
close to the experimental one of 90.63 %. 

The conversion yields obtained at the selected conditions were 
higher than those obtained in a previous work (79.83 % at 24 h and 
87.65 % at 48 h) using melon by-products autohydrolyzed at a lower 
temperature (140 vs 165 ◦C), with a LSR of 12 g/g, 12 FPU/g and 50 U 
Viscozyme/g [21]. This comparison suggests that a higher severity can 
improve the enzymatic susceptibility as indicated in the literature 
[14,41]. An explanation for this would be a further removal of hemi
celluloses and pectin, which would limit the accessibility for the en
zymes, and of the phenolic compounds, which are known inhibitors 
[14,31,42]. 

Furthermore, similar conversion yields have been found in the 
literature using pectin rich raw materials pretreated by autohydrolysis. 
Talekar et al. [31] achieved a conversion of 95 % after 36 h for pome
granate peels when using a solid loading of 12 % (LSR of 7.3 g/g) and a 
cellulase loading of 30 U/g of glucan. On the other hand, lower yields 
(69 %) were also found for cocoa pod husk, using 5 % solid loading (LSR 
of 19 g/g) and 15–20 FPU/g of substrate [32]. 

3.4. Strategies evaluated for bioethanol production 

As stated in methods section, the fermentation experiments were 
carried out using a commercial Saccharomyces cerevisiae strain (Ethanol 
Red®). 

3.4.1. Fermentation of melon peel juice 
The fermentation of melon peel juice, a process stream with inter

esting sugar and nutrients contents (including protein and minerals, see 

Fig. 2. Response surfaces: a) GlcMAX at VSR of 10, 25 and 40 U/g; b) t1/2 at VSR of 10, 25 and 40 U/g; c) GGC32h at VSR of 10, 25 and 40 U/g and d) at LSR of 10, 17.5 
and 25 g/g. 
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Table 2), was one of the proposed steps in every-one of the scenarios 
shown in Fig. 1. Therefore, the first fermentation experiments in this 
study were meant to evaluate the fermentability of this stream. For that, 
a batch fermentation with and without nutrients (20 g peptone/L and 10 
g yeast extract/L) was performed in the experimental conditions previ
ously stated in materials and methods section. 

Since no differences were found with the addition of nutrients, the 
presented results (Fig. 3a) are the ones without external nutrients. The 
production of ethanol was fitted to the modified Gompertz model, which 
can provide a prediction of the maximum production, the maximum 
productivity and the phase-lag time [29,43]. The results were well fitted 
to the model (R2 = 1.000), with a similar maximum concentration as the 
experimental one (13.06 vs 13.10 g/L). 

3.4.2. Simultaneous saccharification and fermentation experiments 
performed with melon peel juice 

A set of four SSF experiments was performed in order to evaluate the 
effects of the saccharification stage, the viscosity of the medium and the 
addition of nutrients on the ethanol production. For this, high to inter
mediate levels of Viscozyme were tested (VSR of 40 and 25 U/g), with 

and without external nutrients (20 g peptone/L and 10 g yeast extract/ 
L). Moreover, to integrate the melon peel juice in the SSF stage, this 
stream was used in all experiments for the formulation of the medium 
instead of water, to provide additional sugars (27.42 g/L) at the 
beginning of the fermentation, as well as nutrients (see scenarios ii and 
iv in Fig. 1). The temperature was maintained at 40 ◦C, whereas the LSR 
and the CSR were fixed in 10 g/g and 17.5 FPU/g, respectively, condi
tions previously selected by the enzymatic hydrolysis. 

Since no important differences were detected among the four expe
riences, the one without nutrients using VSR = 40 U/g was selected as a 
representative example. The time course of sugars (glucose and fructose) 
and ethanol is shown in Fig. 3b, as well as the calculated curve for 
ethanol production using the modified Gompertz model. 

In all experiments, the consumption of sugars was fast, especially for 
glucose, with concentrations between 0.43 and 0.81 g/L after 6 h, time 
at which the highest volumetric productivities were found: 3.87–4.29 g/ 
Lh. These values can be positively compared with Zanivan and co
workers’ study, who reached a Qp of 2.50 g/Lh at 9 h of operation using 
mixed fruit waste (including melon waste) without nutrients and 
without a saccharification pretreatment [23]. Moreover, Chaudhary 

Fig. 3. Glucose, fructose and ethanol time courses of a) fermentation of virgin melon peel juice (JFv), b) SSF of the autohydrolyzed solid at LSR 10 g/g, CSR 17.5 
FPU/g and VSR 40 U/g with virgin melon juice (SSFv), c) fermentation of concentrated melon juice (JFc), d) SSF of the autohydrolyzed solid at LSR 11.4 g/g, CSR 
17.5 FPU/g and VSR 40 U/g with concentrated melon juice (SSFc), and e) fermentation of the concentrated melon juice with sequential SSF of the autohydrolyzed 
solid at LSR 11.4 g/g, CSR 17.5 FPU/g and VSR 40 U/g (JFc-SSF). All the presented fermentations were carried out without external nutrients. Ethanol solid line 
represents the predicted values by modified Gompertz model. EtOH: ethanol; Glc: glucose; Fru: fructose. 
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et al. [24] achieved an even lower productivity (10.30 g ethanol/L after 
6 days) from melon peels using a dilute acid saccharification step fol
lowed by fermentation with nutrient addition (yeast extract, (NH4)2SO4, 
KH2PO4, MgSO4⋅7H2O, CaCl2, ZnCl2). 

After 6 h, ethanol concentrations kept increasing until reaching a 
maximum at 22 h, with values between 29.96 and 31.70 g/L. These 
concentrations were similar to the potential maximum ethanol con
centrations obtained by the modified Gompertz model (28.39–30.99 g/ 
L), which presented a good fit for the four experiments (R2 > 0.99). The 
rm and tL values were 5.37–7.31 g/Lh and 1.03–1.30 h, respectively. 
Lower rates were found in the literature for corn cobs (1.25 g/Lh) and 
potato peels (1.51 g/Lh) [44,45], while the lag time was shorter for corn 
cobs and longer for potato peels. Meanwhile, similar rm and tL values 
were reported by Dodić et al. [46] for sugar beet raw juice: 4.39 g/Lh 
and 1.04 h, respectively. 

Regarding bioethanol yields, favorable values were also obtained at 
22 h, in the range 71.12–75.26 %. A similar maximum yield of 74 % was 
reported in another study following a similar approach with sweet sor
ghum bagasse [47]. Both juice and autohydrolyzed solid of sweet sor
ghum bagasse were subjected to SSF, achieving the maximum ethanol 
concentration after a long fermentation time of 168 h, whereas after 24 h 
the yield was only around 60 %. 

When compared to other pectin-rich raw materials, the yields in this 
work were lower than for steam pretreated sugar beet pulp and auto
hydrolyzed pomegranate peel [31,48,49]. However, ethanol concen
trations and productivities were generally higher due to the integration 
of the juice stream into the process. In the same line, Patsalou et al. [50] 
recycled the liquid phase of the acid hydrolysis pretreatment of citrus 
peels into the enzymatic hydrolysis stage of the solid phase, increasing 
the ethanol concentration from 9.2 to 30.7 g/L. 

The minor differences found between the four experiments proved 
that the addition of external nutrients was not necessary, which is in 
agreement with the previously mentioned study by Rohowsky et al. [47] 
with a similar approach. 

3.4.3. Assessment of a fed-batch approach 
In order to increase the final ethanol concentration, the following 

fed-batch strategy was proposed: 1) beginning with LSR of 10 g/g, CSR 
of 17.5 FPU/g and VSR of 40 U/g; and 2) adding a second solid loading 
at 12 h, with half the amount of solid and the corresponding amount of 
enzymes, reaching a final LSR of 7.3 g/g. In this context, it should be 
noted that the fed-batch mode can be used to alleviate the high viscos
ities of the medium associated to high solid loadings and to lower yields 
[51]. 

Although the maximum concentration in this work was raised a 17 
%, from 31.70 to 36.96 g/L operating in fed-batch mode, the fermen
tation media did not tolerate additional solid charges and therefore 
other approaches were further proposed to improve the final ethanol 
contents. 

3.4.4. Fermentation of concentrated melon juice 
The concentration of the melon peel juice by rotatory evaporation 

was proposed as another approach to increase the ethanol concentra
tion. This way, the concentrations of sugars were 67.33 g glucose/L, 
70.43 g fructose/L and 12.02 g sucrose/L. The fermentation of the 
concentrated juice (a step considered in scenarios i and iv from Fig. 1) 
was evaluated with and without nutrients, obtaining similar results in 
both cases. 

The time course of glucose concentration was similar to the SSF (see 
Fig. 3c for the fermentation without nutrients), obtaining a complete 
depletion after 6 h, whereas the consumption of fructose was slower. 
Therefore, the maximum productivity of 4.33 g/Lh was found at a later 
time of 10 h. The maximum experimental ethanol concentration (51.95 
g/L) was achieved after 21 h, corresponding to an ethanol yield of 68 % 
(lower than the ones reached with the virgin juice). This fermentation 
presented a good fit with the modified Gompertz equation, with an R2 of 

0.998 and the parameters EtOHMAX = 52.92 g/L, rm = 6.71 g/Lh and tL 
= 2.79 h. 

3.4.5. Simultaneous saccharification and fermentation with concentrated 
juice 

In order to improve the final ethanol concentrations in a one-vessel 
process, a new SSF experiment (denoted as SSFc) adding concentrated 
juice to the media was carried out (see scenario ii in Fig. 1). Moreover, 
another two steps, one-vessel strategy (JFc-SSF) was evaluated to assess 
the effect of the concentrated juice on the saccharification: fermentation 
of the concentrated juice for 6 h (when most of the sugars were already 
consumed), followed by the simultaneous saccharification and fermen
tation of the autohydrolyzed solid (scenario iii in Fig. 1). In both fer
mentations, the LSR was adjusted to 11.4 g/L in order to use the total 
amount of melon peel juice and propose a zero waste global process. 

The time course of these two experiments can be seen in Fig. 3d and 
e. There were no notable differences between the results of the two SSFs, 
but the higher viscosity of the medium in SSFc was visually evident. The 
maximum ethanol concentrations (56.24 and 55.81 g/L) were achieved 
after 21 and 35 h, for SSFc and JFc-SSF, respectively, whereas the 
maximum productivities were achieved at the same time for both SSFs 
(3.22 and 3.57 g/Lh for SSFc and JFc-SSF, at 13 h). This was slower than 
the fermentation with virgin juice, in which the maximum productivity 
was found after 6 h. Moreover, the yields corresponding to the maximum 
concentrations were 61.22 and 60.75 %, lower than the one achieved in 
the SSF using virgin juice (75.26 %), which is in agreement with the 
results for the fermentation of concentrated vs virgin juice. 

3.5. Comparison of the proposed scenarios 

The main results of the fermentation experiments, including the 
parameters of the modified Gompertz model, are collected in Table 5, as 
well as the total ethanol production of the four scenarios proposed in 
Fig. 1. 

In general, the fermentations using virgin melon juice achieved 
higher yields at faster rates. This derives into higher bioethanol pro
duction in regards to the amount of raw material used. For instance, the 
juice fermentation (scenario i) produced 12.69 g of bioethanol/100 g 
MP (dry weight) when using the virgin juice, but only 10.69 g/100 g MP 
when using the concentrated one. On the other hand, both cases 
compare favorably with the amount of bioethanol produced from the 
soluble sugars in melon waste by Salehi et al. [22], 6.05 g/100 g MP. 

Regarding the SSF schemes (scenario ii), the use of concentrated 
juice increased the bioethanol production from 7.76 to 13.66 g/100 g 
MP, whereas the use of a pre-fermentation stage did not improve the 
production further (scenario iii), and the use of a fed-batch approach 
lowered the production to 6.10 g /100 g MP. However, in the case of the 
SSF using virgin juice (SSFv), there is leftover juice that could still be 
fermented either in its virgin state or concentrated. This is the case of 
scenario iv, where the bioethanol production of 7.76 g/100 g MP can be 
increased to a total of 17.84 or 16.24 g/100 g MP (for virgin and 
concentrated, respectively) when the remaining juice is fermented 
separately. 

Even though the fermentations with virgin juice achieved higher 
productions, ethanol concentrations were always under 40 g/L, which is 
the benchmark for a techno-economically viable distillation [52]. 
Therefore, the use of concentrated juice should be evaluated taking into 
account the cost of both the evaporation and the distillation. 

The ethanol concentrations obtained in every scenario evaluated 
were higher than those achieved by Chaudhary et al. [24] (10.30 g 
ethanol/L). In this study, melon peels were pretreated with dilute sul
furic acid and the liquid phase was subjected to neutralization and 
detoxification stages before performing the fermentation with the 
addition of external nutrients. 

In this work, several strategies for bioethanol production were pro
posed by evaluating the final ethanol concentrations and productions. 
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Future studies should focus on the techno-economic and environmental 
viability of the different scenarios, including the valorization of the 
autohydrolysis liquors. 

4. Conclusions 

Melon peels were subjected to different strategies for bioethanol 
production using both a juice fraction obtained by centrifugation and a 
solid fraction obtained by autohydrolysis. Firstly, the conditions for the 
enzymatic hydrolysis of the solid were selected by response surface 
assessment, achieving a glucose concentration of 35.15 g/L after 24 h. 
Afterwards, the fermentability of the juice was assessed, as well as the 
SSF with co-fermentation of the juice. The maximum bioethanol pro
duction was obtained by SSF and separate fermentation of the remaining 
virgin juice (17.84 g/100 MP), while the highest concentration was 
achieved by SSF with concentrated juice (56.24 g/L). 
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Valorization of Eucalyptus nitens bark by organosolv pretreatment for the 
production of advanced biofuels. Ind Crops Prod 2019;132:327–35. https://doi. 
org/10.1016/j.indcrop.2019.02.040. 

Table 5 
Parameters calculated by modified Gompertz equation and experimental results obtained for the following experiences: JFv, JFc, SSFv, SSFc and JFc-SSF; and bio
ethanol production for each of the proposed scenarios.   

Gompertz model parameters Experimental results 

Exp. EtOHMAX (g/L) rm (g/Lh) tL (h) R2 EtOHMAX (g/L) QpMAX (g/Lh) YieldMAX (%) 

JFv 13.06 4.92  1.27  1.000  13.10  2.74  83.75 
JFc 52.92 6.71  2.79  0.998  51.95  4.33  68.00 
SSFv 30.99 5.60  1.26  0.995  31.70  4.11  75.26 
SSFc 57.49 4.55  3.06  0.998  56.24  3.22  61.22 
JFc-SSF 55.21 4.87  2.82  0.995  55.81  3.57  60.75  

Scenario Description g EtOH/100 g MP 

i) Fermentation of virgin melon juice (JFv) 12.69 
Fermentation of concentrated melon juice (JFc) 10.69 

ii) SSF of autohydrolysis solid with virgin melon juice (SSFv) 7.76 
SSF of autohydrolysis solid with concentrated melon juice (SSFc) 13.66 

iii) Sequential fermentation of concentrated melon juice and SSF of autohydrolysis solid (JFc-SSF) 13.55 
iv) SSF of autohydrolysis solid with virgin melon juice (SSFv) and separate fermentation of remaining virgin melon juice (JFv) 17.84 

SSF of autohydrolysis solid with virgin melon juice (SSFv) and separate fermentation of remaining concentrated melon juice (JFc) 16.24  

X. Rico et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.rser.2017.04.108
https://doi.org/10.1016/j.rser.2016.11.257
https://doi.org/10.1016/j.rser.2016.11.257
https://doi.org/10.1016/j.rser.2021.111823
https://doi.org/10.1016/j.enconman.2010.01.015
https://doi.org/10.1016/j.enconman.2010.01.015
https://doi.org/10.18331/BRJ2016.3.1.4
https://doi.org/10.18331/BRJ2016.3.1.4
https://doi.org/10.1038/srep16039
https://doi.org/10.1038/srep16039
https://doi.org/10.1016/j.biortech.2021.126100
https://doi.org/10.1007/s11157-021-09606-9
https://doi.org/10.1007/s11157-021-09606-9
https://doi.org/10.18331/BRJ2015.2.1.4
https://doi.org/10.1016/j.biortech.2020.123722
https://doi.org/10.1016/j.biortech.2020.123722
https://doi.org/10.1016/j.indcrop.2019.02.040
https://doi.org/10.1016/j.indcrop.2019.02.040


Fuel 334 (2023) 126710

10

[16] Mallek-Ayadi S, Bahloul N, Kechaou N. Characterization, phenolic compounds and 
functional properties of Cucumis melo L. peels. Food Chem 2017;221:1691–7. 
https://doi.org/10.1016/j.foodchem.2016.10.117. 

[17] FAO. Faostat Database 2022. www.fao.org/faostat (accessed April 1, 2022). 
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[25] Rico X, Gullón B, Yáñez R. A comparative assessment on the recovery of pectin and 
phenolic fractions from aqueous and DES extracts obtained from melon peels. Food 
Bioprocess Technol 2022;15:1406–21. https://doi.org/10.1007/s11947-022- 
02823-2. 

[26] Ghose TK. Measurement of cellulase activities. Pure Appl Chem 1987;59:257–68. 
https://doi.org/10.1351/pac198759020257. 

[27] Martínez M, Gullón B, Schols HA, Alonso JL, Parajó JC. Assessment of the 
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