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A B S T R A C T   

Sotol (Dasylirion spp.) is a plant endemic to northern Mexico used since ancient times by North American Indians. 
In the present research, we studied the transformation of lignocellulosic Sotol Bagasse (SB) components as a 
feedstock for bioethanol 2G production. For this purpose, SB was pretreated with diluted acid (AP) and alkali 
(BP). In AP, biomass was exposed to different acid concentrations and reactions proceeded at different times 
according to a 32 experimental design. BP was performed by stirring SB with a 3 M NaOH solution at 30 ◦C and 
120 rpm for 6 h. Pretreated samples were hydrolyzed using the Cellic CTec2® enzyme complex. These experi
ments were performed at the micro-level. Two conditions presented the best performance: AP1 (0.5% v/v acid; 
15 min; 121 ◦C) and AP2 (1% v/v acid; 30 min; 121 ◦C). Then, AP1 and AP2 were selected for process scale-up, 
resulting in RS yields of 22.4% and 19.46%, respectively. The sugars produced were fermented in presence of 
Kluyveromyces marxianus producing an 81.85% ethanol yield. Data indicated that fermentation of SB treated with 
AP1 produced ethanol. In addition, fermentation of SB pretreated with AP2 generated ethanol and low con
centrations of iso-butanol, acetaldehyde, and isoamyl alcohol. Ethanol and energy yield of AP1 treated biomass 
were 0.19 L bioethanol and 4.09 MJ per kg SB. These results proved that the proposed process is sustainable and 
can potentially be used for bioethanol 2G production using SB. As a result, circular bioeconomy will be 
stimulated.   

1. Introduction 

Sotol (Dasylirion sp.) is a plant that belongs to the Nolinacea family. 
This plant, endemic to the Chihuahuan desert, is found in northern 
Mexico (Chihuahua, Coahuila, Durango, and Zacatecas) and southern 
United States (Texas and New Mexico), where extreme climate prevails 
(Zavala-Díaz de la Serna et al., 2020). Flores-Gallegos et al. (2019) re
ported that this plant has been used since ancient times for ornamental 

and building purposes, among others. Moreover, in the pre-Hispanic 
period, North American Indians used to drink fermented sotol. More 
recently, a liquor called sotol or sereque was obtained after a distillation 
process (Flores-Gallegos et al., 2019). Despite the fact that sotol displays 
different nutritional properties, for many years industry remained un
interested in this product (Bell and Castetter, 1941). However, in recent 
times, this fermented beverage (sotol) has received a designation of 
origin. For this reason, a regulation has been promulgated in the states of 
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Chihuahua, Coahuila, and Durango (Official Mexican Standard 
NOM-159-SCFI, 2004), promoting sotol industrialization and 
production. 

Similar to tequila, during sotol production the plant pineapple is 
cooked. The resulting liquid that contains extracted sugars is fermented 
and distilled (Flores-Gallegos et al., 2019). Different publications have 
described the microbial communities responsible for sotol fermentation 
(Zavala-Díaz de la Serna et al., 2020). During sugars extraction, a 
lignocellulosic residue called sotol bagasse (SB) is obtained. As it was 
reported in Flores-Gallegos et al. (2019), sotol industry generates a lot of 
waste, which is used for animal feed, in the best case. It has been re
ported that sotol production has increased. However, no precise data are 
available on the amount of residues generated by this industry. Inade
quate disposal of this agro-industrial wastes (AIW) results in negative 
environmental impacts. In Mexico, AIW management has not been 
regulated. For this reason, environmental pollution caused by improper 
AIW disposal is a common problem in this country (Carrillo-Nieves et al., 
2019). 

Several researchers have reported the energy potential of different 
biomasses. They include wheat and corn straw, sugarcane bagasse, bean 
stubble, and coffee waste, among others (Carrillo-Nieves et al., 2019; 
Molina-Guerrero et al., 2020). Specifically, lignocellulosic biomass 
feedstocks (LBF) are considered potential energy sources in the process 
of transitioning from a petroleum-based economy to a bioeconomy 
(Bajwa et al., 2018; Igathinathane and Sanderson, 2018). 

AIW biomass represents one of the renewable resources essential in 
the development of bioeconomy (Manzanares, 2020). The bioeconomy 
concept has been defined by the US Department of Energy as “the global 
industry transition of sustainably utilizing renewable aquatic and 
terrestrial biomass resources in energy, intermediate and final product 
for economy, environmental, social, and national security benefits” (US 
Department of Energy). Bioeconomy can be supported through the 
generation of biorefineries. In a biorefinery, the biomass or food waste is 
transformed into fuels or commodity chemicals using chemical and 
biological strategies (Carrillo-Nieves et al., 2019; Esposito and Anto
nietti, 2015; Merediane Kochepka et al., 2020). The word biorefinery is 
derived from oil refinery, where the latter refers to the separation of 
crude oil into petroleum products, and the former deals with bio- mass 
separation (Nagappan and Nakkeeran, 2020). Biomass is able to provide 
energy and mitigate global warming by consuming carbon dioxide. 
Biorefinery of biomass involves the use of a wide array of techniques and 
generation of different valuable products. For example, lignocellulosic 
materials can be transformed using a conventional biochemical route 
that is based on four main stages: i) biomass conditioning (grinding, 
particle size selection, and different pretreatments including acidic, 
alkaline, and hydrothermal, among others); ii) enzymatic hydrolysis 
(using a wide variety of enzymes); iii) fermentation (yeast, bacteria); and 
iv) downstream processes (Nagappan and Nakkeeran, 2020). 

Pretreatment is a key stage for AIW transformation. The lignin- 
carbohydrate composite present in the AIW represents a physical and 
chemical barrier for the biocatalyst. For this reason, a depolymerization 
step is required. This process facilitates the access of the biocatalyst to 
plant polysaccharides to produce fermentable sugars (Luciano Silveira 
et al., 2015). Currently, different pretreatment processes have been 
proposed for the transformation of biomass to ethanol. They include the 
use of alkali, dilute acid, and ionic liquids at relatively low temperatures 
(121 ◦C), and autohydrolysis using temperatures between 150 ◦C and 
190 ◦C (Aguirre-Fierro et al., 2020; Ibrahim et al., 2011; Morais et al., 
2016). Subsequently, sugars are transformed into bioethanol or 
bio-based, high- value-added products through fermentation (Luciano 
Silveira et al., 2015; Merediane Kochepka et al., 2020). 

In the present research, we proposed to use sotol bagasse as a novel 
carbon source to produce valuable products including second- 
generation bioethanol (2G). Bioethanol 2G, which can be produced 
from SB, has been proposed as one of the most promising biofuels that 
can reduce the dependence on fossil fuels (López-Ortega et al., 2021). 

Bioethanol is an oxygenated fuel that contains 35% oxygen. For this 
reason, particulates and nitrogen oxides (NOx) emissions are reduced 
during bioethanol combustion (López-Ortega et al., 2021). The world 
production of bioethanol reached 115 billion L in 2019, amount that 
represents about 7.7% of the global gasoline demand (Morales et al., 
2021). Lopez-Ortega et al. (2021) estimated a potential demand of 3 
billion L per year of bioethanol in Mexico. Substitution of gasoline by 
this amount of bioethanol may result in: i) significant reduction in 
greenhouse gas emissions; ii) positive impact in national energy security; 
and iii) increase in business opportunities that promote economic 
growth (López-Ortega et al., 2021). 

Currently, different AIW are under investigation to determine the 
best conditions to improve ethanol production. It is important to notice 
that different substrates may require different operative conditions 
(Sanchez et al., 2013). It has been demonstrated that during the pre
treatment stages, different inhibitory agents may be produced. They 
include furfural and hydroxymethyl furfural (HMF) that inhibit the 
growth of microorganisms. For example, it has been reported that in
hibition of Kluyveromyces marxianus resulted in the generation of 
different by-products including isobutanol, acetaldehyde, amyl alcohols, 
among others (Flores-Cosio et al., 2018). The ascomycetous yeast 
K. marxianus, which showed promising results in the production of 
cellulosic ethanol and renewable chemical compounds (Leonel et al., 
2021), has been isolated from traditional fermented dairy products 
including fermented milk, kefir, yoghurt, and cheese, among others 
(Karim et al., 2020). This yeast displays high growth rate, is thermoto
lerant, assimilates toxic compounds, and has a highly resistant cell 
membrane (Sandoval-Nuñez et al., 2017). 

The design of process plants (Biorefineries) for the transformation of 
AIW into bioethanol and subproducts is a topic of ongoing interest 
(Moncada et al., 2016). Different research groups have reported the 
designs of plants for the processing of wheat straw, sugarcane bagasse, 
and apple pomace, among others (López-Ortega et al., 2021; Molina 
Guerrero et al., 2021; Sanchez et al., 2013). Also, the comparison be
tween different technologies has been published (López-Ortega et al., 
2021). Several authors have proposed process designs for biofuels pro
duction that include biomass processing and downstream. According to 
their results, the designs displayed high performances (Oseguera et al., 
2018; Torres-Ortega et al., 2018). 

In the present research, we performed a micro-reaction, scaling-up 
(1 L), large scale mass and energy balance, and sotol bagasse (SB) 
biomass characterization. The objective of this research was to explore 
and determine the potential use of SB as a feedstock for bioethanol 2G 
production. The biomass was characterized using X ray diffraction, X ray 
fluorescence, Total Attenuated Reflection (ATR), and Scanning Elec
tronic Microscopy (SEM). The reaction broth was analyzed by gas 
chromatography and high-performance liquid chromatography (HPLC). 
In addition, the calculation of large-scale reactors (mass and energy 
balance) for the fundamental stages (pretreatment, hydrolysis, and 
fermentation) was performed. To the best of our knowledge, this is the 
first report on the use of SB in biotechnological processes. 

2. Materials and methods 

2.1. Sotol bagasse composition 

Sotol bagasse (SB) (Dasylirion sp.) was provided by local producers in 
Chihuahua, Mexico. The composition of structural fibers before and 
after pretreatment was determined using the AOAC 2012 method 
(Determination of structural carbohydrates and lignin). Specifically, the 
content of cellulose, hemicellulose, and lignin were obtained (Sluiter 
et al., 2011). Analysis was performed at the Center for Biological and 
Agricultural Sciences (CUCBA), Universidad de Guadalajara. 
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2.2. Chemical reagents and chemical pretreatments 

The chemical reagents used in the present investigation included: (a) 
Cellic CTec2 (Cellulase, enzyme blend- Hydrolysis > 1000 units/gram) 
(Sigma-Aldrich) (The cellulase activity was calculated according to 
(Adney and Baker, 2008) which resulted in enzymatic activity of 201 
FPU/mL); Yeast Extract (Sigma-Aldrich); Sodium phosphate dibasic ≥
99.0% (Sigma-Aldrich); Magnesium phosphate dibasic trihydrate (Bio
Ultra) ≥ 98.0% (KT), D-(+)-Glucose > 99.5%. 99.0% NaOH (J.T. 
Barker); 1 N H2SO4 (Hycel). 

SB fibers were subjected to two different chemical pretreatments: (a) 
alkali; and (b) a diluted sulfuric acid pretreatment. In the alkali pre
treatment, SB was exposed to an alkali solution (3 M) at 30 ◦C with 
continuous magnetic stirring (120 rpm) for 6 h. Later, the biomass was 
filtered, neutralized, dried, and stored for further experiments as indi
cated in Molina et al. (2014). In the acid pretreatment, three reaction 
times (x (min): 15; 30; 60) and acid concentrations (y (H2SO4% v/v): 
0.25; 0.5; 1.0) were selected to identify the best pretreatment condi
tions. The tests were carried out according to a 32 factorial design (JMP 
®). Full details are shown in Table 1. In addition, the heat up and cool 
down total time in which the reaction temperature (121 ◦C) was reached 
in the autoclave and after lowering the temperature to 30 ◦C to be able to 
remove the reaction flask was 60 min. 

The experiments were performed with 3 g of SB mixed with 30 mL of 
acidic solution. Temperature was taken to 121 ◦C using an autoclave 
(Yamato; model SK101C). After reaction time, each mixture was filtered 
(Whatman® No. 1 Paper) and washed with distilled water. The pH was 
adjusted to 4.9 ± 0.1 using a NaOH solution and a potentiometer 
(Hanna; model HI221). Finally, the substrate was dried in an oven at 
35 ◦C for 24 h (Felisa; model FE-291). The dried biomass was stored at 
room temperature until further use. Additionally, one batch of un
washed pretreated biomass was dried and used for comparison purposes. 

2.3. Severity factor 

Ruiz et al. (2021) reported that the severity factor is an interesting 
parameter that can be applied during pretreatment processes for the 
biorefinery concept and size scaling up (Ruiz et al., 2021). The severity 
factor [log10 (Ro)] provides information about the effects of specific 
pretreatment conditions including temperature and time. It has been 
observed that, when the severity factor increases, enzymatic hydrolysis 
of lignin is inhibited. It has been hypothesized that higher severity 
pretreatments indicate increased exposure and degradation of lignin. As 
a result, production of inhibitory compounds also increases. In the 
present work, the severity factor for acidic hydrothermal pretreated 
samples was calculated using Eq. (1), according to the methodology 
published by Ruiz et al. (2021). Eq. (1) can be used in pretreated solids 
rich in cellulose-lignin, according to SB composition. 

logR0 = [R0 Heating] + [R0 Isothermal process] + [R0 Cooling] (1)   

logR0 =

⎡

⎣
∫tmax

0

T(t) − 100
14.75

⎤

⎦+

⎡

⎣
∫ctrf

ctrl

exp
[
(T(t) − 100)

14.75

]

dt

⎤

⎦+

⎡

⎣
∫tmax

0

T(t) − 100
14.75

⎤

⎦

(2)  

Where Ro is the modified severity factor; T(t) corresponds to the reac
tion temperature (in our case 121 ◦C) vs time profile. In addition, the ctrl 
and ctrf (min) terms correspond to the time needed for the whole 
heating-cooling period. In Eq. (1), “100” indicates the base temperature 
and 14.75 is the typical activation energy for glycosidic bond cleavage in 
carbohydrates, assuming a hydrothermal process occurs with a first 
order kinetics. Log10 (Ro) corresponds to the final severity factor. In the 
present study, the severity factor was implemented for acidic pretreat
ment using a temperature of 121 ◦C and three times: 15, 30 and 60 min. 

2.4. Enzymatic hydrolysis at micro-level: preparation of microreactors 

SB enzymatic hydrolysis was performed at microscale level using the 
methodology previously reported by Molina et al. (2014). Before ex
periments, 10 mL of Cellic CTec 2® enzymatic solution were prepared 
according to Adney and Baker (2008). In addition, 100 mL of a buffer 
solution were adjusted to a pH value of 4.8. The solutions were stored at 
4 ◦C until further use. For the micro-reaction, proper amounts of SB were 
added to 1.5 mL of phosphate buffer to obtain substrate concentrations 
of 10, 30, and 50 mg mL− 1 SB. Reaction tubes were placed in a ther
momixer (Eppendorf brand; model ThermoMixer C) and heated to 
50 ◦C. Later, the enzymatic solution was added to obtain enzyme con
centrations of 10, 15, and 20 FPU/mL (See Table A1, Supplementary 
data). Reaction mixtures were stirred at 700 rpm (Molina et al., 2014) 
and allowed to react for 48 h. Aliquots were taken at 0, 6, 10, 24, and 
48 h after hydrolysis started. Concentrations of reducing sugars were 
quantified using the Miller method (Miller, 1959). The enzymatic hy
drolysis yield was calculated according to Delgado et al. (2009). For this 
purpose, we considered a complete reaction. The molecular weight 
(MW) of cellulose was taken as 162*n (where n is the number of glucose 
molecules per cellulose unit). Glucose displays a MW of 180. Thus, the 
stoichiometric factor ratio corresponds to 180/162 of released glucose 
per gram of cellulose. The maximum RS concentration can be calculated 
using Eq. (3): 

MCRS =
180
162

XWSCWS (3)  

where MCRS is the maximum RS concentration (mg/mL); CWS is the 
concentration of dry SB in the enzymatic hydrolysis media (mg/mL); 
and XWS is the fraction of cellulose + hemicellulose in the dry substrate. 
Enzymatic hydrolysis yield was calculated according to Eq. (4): 

Enzymatic hydrolysis yield =
RSC

MCRS
× 100 (4)  

2.5. Enzymatic hydrolysis at micro-level: acidic concentration vs reaction 
time on hydrolysis yield 

The micro-enzymatic hydrolysis was performed to determine the 
effect of acid concentration vs reaction time on RS production. The 
objective of this experiment was to evaluate the pretreatment conditions 
that increase RS yield during EH. In addition, valuable data for further 
scaling up processes were obtained. A 32 factorial design (JMP ®) was 
used to study the effects of acidic concentration and reaction time on the 
hydrolysis yield. Acid concentration (X1), ranging from 0.25% to 1% (v/ 
v), and reaction time (X2), between 15 and 60 min, were the indepen
dent variables scrutinized in this work. The experiments were carried 
out in triplicate as independent experiments in order to take into ac
count the non-adjustable data and allow the calculations of the analysis 
of variance (ANOVA). The ranges and levels of independent input var
iables are shown in Table 1. 

2.6. Enzymatic hydrolysis at micro-level: enzyme concentration vs 
biomass concentration on hydrolysis yield 

The micro-enzymatic hydrolysis was also performed to determine 

Table 1 
H2SO4 concentrations and reaction times used in the acid pretreatment at 
121 ◦C.  

Reaction time Acid concentration (H2SO4 (%v/v)) 

0.25 0.5 1.0 

15 min C 1 C 2 C 3 
30 min C 4 C 5 C 6 
60 min C 7 C 8 C 9  

J.J. González-Chavez et al.                                                                                                                                                                                                                   



Industrial Crops & Products 178 (2022) 114571

4

the effect of solid loading vs enzyme concentration on RS production. A 
32 factorial design (JMP ®) was used to study the effects of enzyme 
concentration and solid loading on the hydrolysis yield. Enzyme con
centration (X1), ranging from 10 to 20 FPU/mL, and biomass concen
tration (X2), between 10 and 50 mg/mL, were the independent variables 
scrutinized in this work. The experiments were carried out in triplicate 
as independent experiments in order to take into account the non- 
adjustable data and allow the calculations of the analysis of variance 
(ANOVA). The ranges and levels of independent input variables are 
shown in Tables 3 and 4 for alkali and acid pretreatment, respectively. 

2.7. Bioethanol production: culture conditions 

In the present study, Kluyveromyces marxianus was used to produce 
bioethanol 2G. Lyophilized K. marxianus was gently donated by the 
company CHR HANSEN®, and before experiments, yeast cells were 
reactivated. After reactivation, cells were inoculated on YPD agar con
taining 20 g L− 1 peptone, 10 g L− 1 yeast extract, 20 g L− 1 D-Glucose, 
and 15 g L− 1 agar. Afterwards, microorganisms were incubated at 30 ◦C 
for 48 h (Sandoval-Nuñez et al., 2017). Preinoculum was prepared by 
transferring a yeast colony to YPD medium to achieve a ratio of 1:2.5. 
Incubation was carried out at 30 ◦C and 250 rpm for 24 h as described in 
Sandoval-Nuñez et al. (2017). The growth of K. marxianus was measured 
using a Neubauer chamber and associated to optical density (600 nm). 

2.8. Scale up of pretreatment, enzymatic hydrolysis, and fermentation 

2.8.1. Pretreatment 
For these experiments, pretreatments that resulted in the best yield 

were selected. These treatments corresponded to: (AP1) 121 ◦C, 15 min, 
and 0.5% acid (v/v); and (AP2) 121 ◦C, 30 min, and 1% of acid (v/v). 
Herein, 80 g of dry SB (10% w/w) were placed in a 2 L Erlenmeyer flask, 
followed by 800 mL of the corresponding diluted acid solution, and 
autoclaved using a Yamato autoclave (model SK101C). After pretreat
ment, SB pH was adjusted to 5 ± 0.2 using a NaOH solution. Later, the 
mixture was filtered, and the humidity was determined with a thermo
balance (RADWAG; PMR model 50/1). The enzymatic hydrolysis was 
performed immediately. 

2.8.2. Enzymatic hydrolysis 
The enzymatic hydrolysis (EH) of pretreated biomass was carried out 

in a 3 L reactor (Applikon; 3 L single wall autoclavable model) with a 
loading of 10% of solids and operational volume of 800 mL. For this 
purpose, 80 g of pretreated SB and 800 mL of buffer were placed in the 
bioreactor, and pH was adjusted to 5.0 ± 0.2 using a portable potenti
ometer (Hanna; model HI98190). The reactor was equipped with a 
thermal insulator to mitigate heat dissipation. Temperature was main
tained at 50 ◦C and mixing velocity at 250 rpm. Once proper tempera
ture was reached, Cellic CTec 2® enzyme was added to obtain a 
concentration of 3%, which corresponds to 11.07 FPU/g cellulose. 
Samples were taken at the beginning of the reaction and every 2 h for 
24 h. Resulting samples were analyzed using high performance liquid 
chromatography (HPLC) and gas chromatography (GC) according to 
Amaya-Delgado et al. (2013). 

2.8.3. Fermentation experiments 
Fermentation was conducted immediately after EH finished. Exper

imental conditions included a temperature of 30 ◦C and 75 rpm. Before 
fermentation started, the reaction broth was enriched with the following 
components (g L− 1): 0.1 yeast extract, 0.5 dibasic sodium phosphate, 
and 0.1 magnesium sulfate. Afterwards, the reactor was inoculated with 
20 million K. marxianus yeast cells, which were quantified using a 
Neubauer chamber. The pH was adjusted to 5.0 ± 0.2. Finally, samples 
were taken every 2 h during 24 h. The samples were analyzed using high 
performance liquid chromatography (HPLC). 

2.9. Distillation 

The reaction broth was distilled. The simple-distillation device was 
equipped with a reboiler at the bottom of the column and a condenser in 
the dome. In order to cool down the distillate, the recirculator (Julabo; 
model F 25) was placed on iced water at a temperature of 10 ± 5 ◦C. 
Distillate was collected in a 100 mL beaker. Samples were stored in 
50 mL Falcon ™ conical tubes for further GC analysis. 

2.10. Analytical methods 

2.10.1. Gas chromatography 
Quantification of ethanol and volatile compounds was carried out 

using an Agilent Gas chromatograph (model 7890B) (GC) with a flame 
ionization detector, coupled to a head-space autosampler (Model 
7697A). In order to separate the components, an HP Innowax column 
(60 m × 0.32 mm × 0.25 µm) was used at a pressure of 23,787 psi and a 
flow of 1.3 mL/min to obtain a speed of 24,502 cm/s. Furnace heating 
started at 45 ◦C for 8 min and then was heated for 10 min at a rate of 
2 ◦C min− 1 to reach a temperature of 80 ◦C. Subsequently, the T 
increased at a rate of 5 ◦C min− 1. Later, reaction mixture was main
tained at a T of 160 ◦C for 10 min. Afterwards, a rate of 25 ◦C min− 1/ 
4 min allowed the mixture to reach a T of 220 ◦C. The detector tem
perature was 250 ◦C and gas flow rates were 40, 400, and 30 mL min− 1 

for helium, air, and nitrogen, respectively. The headspace was pro
grammed under the following conditions: vial temperature of 90 ◦C for 
5 min; loop temperature of 110 ◦C; transfer line temperature of 115 ◦C; 
equilibration time of 5 min; injection time of 0.5 min; and cycle time of 
60 min. The calibration curve with 15 intermediate points was built 
from 1 to 1000 ppm for acetaldehyde, isobutyraldehyde, ethyl acetate, 
methanol, ethanol, ethyl butyrate, 1-propanol, isoamyl acetate, iso
butanol, isopentyl acetate, isoamyl alcohol, ethyl hexanoate, ethyl 
lactate, ethyl octanoate, ethyl decanoate, 2-3 butanedione, and 2-phenyl 
ethanol. 

2.10.2. High performance liquid chromatography (HPLC) 
The quantification of sugars was carried out using a high- 

performance liquid chromatograph (HPLC) (Agilent brand; Model 
1220 Infinity) equipped with a refractive index detector (RID), a UV 
detector, and a Biorad Aminex HPX-87H column (300 mm × 7.8 mm, 
9 µm). The column was maintained at 50 ◦C and 5 mM H2SO4 was used 
as the mobile phase at a flow rate of 0.5 mL/min for 30 min. For sample 
preparation purposes, 1 mL of hydrolyzed sample was taken with a sy
ringe and filtered using a 0.45 µm Agilent® Nylon filter. Later, the 
filtered samples were placed in HPLC vials and closed with a white sil
icone lid. 

2.10.3. X-ray analysis 
Crystal sizes before and after chemical pretreatment and enzymatic 

hydrolysis were determined using an X-ray diffractometer (Panalytical 
Brand; Empyrean model, USA) at 45 kV and 40 mA, taking the Cu Kα, 
line as reference with a wavelength of 1.54 Å. For analysis, 1 g SB was 
mounted on a special aluminum sample holder and placed in the 
diffractometer. Samples were scanned between 10º and 45º (2θ) with 
intervals of 0.020º. The crystallinity index was calculated using Eq. (5), 
according to Segal et al. (1959): 

CrI =
(I002 − IAM)

I002
× 100 (5)  

Where I002 and IAM correspond to the intensity of the crystalline and 
amorphous phase at 22.7º and 18º in 2θ, respectively. 

Crystallite size was calculated considering a direction perpendicular 
to its Miller plane using the Scherrer equation (Eq. 6): 

t002 =
Kλ

β002cosθ
(6) 
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Where t002 indicates crystallite size in Miller plane 002; λ is an x-ray 
wavelength (λ = 0.154 nm for Cukα); θ is the Bragg angle of the 
reflection (radians); β002 is the pure integral of the reflection width at 
one half maximum height in the 002 plane (radians); and K is the 
Scherrer constant, which was considered as 1. 

X-ray fluorescence was used to determine the content of silica. For 
this purpose, an XRF equipment (Panalytical Brand; Epsilon 3-XL model) 
was used with an Ar atmosphere and an Rh tube at 20 kV and 0.1 mA. 
Before measurements, 1 g of each sample was placed in 32 mm sample 
holders. 

2.10.4. Scanning Electronic Microscopy (SEM) analysis 
Morphological analysis of samples was carried out through Scanning 

Electron Microscopy (SEM) (JSM-6510LV, JEOL). The SB samples were 
placed on Carbone type. The SEM was operated at 20 kV and images 
were acquired at 800×. 

2.10.5. Total Attenuated Reflection (ATR) (Infra-Red) 
The functional groups present in biomass (a) before pretreatment; 

(b) after pretreatment; and (c) after enzymatic hydrolysis were identi
fied using ATR analysis. The infrared spectra were collected on an ATR 
spectrometer (Agilent, model: Cary 630; USA). The ATR spectra were 
collected in absorption band mode in the range of 800–4000 cm− 1 with 
a resolution of 4 cm− 1 and 32 scans. 

2.11. Mass and energy balance and reactor volume 

The mass and energy balance for the fundamentals stages of bio
ethanol production were performed. Herein, for mass balance, we 
selected a basis of 18,750 kg h− 1, taking into account the pretreatment, 
enzymatic hydrolysis, and fermentation reactors. The plant design 
considered the complete process for ethanol production. In order to 
estimate the reactors size, we considered the experimental data about 
cellulose, hemicellulose, and lignin content before and after diluted 
sulfuric acid pretreatment, EH, and fermentation. The volume of the 
pretreatment reactor was calculated considering the inlet volumetric 
flow minus the outlet volumetric flow as well as biomass density. This 
result was multiplied by the residence time. Finally, the reactor 
considered an overdesign of 20% according to Eq. (7): 

Volume =1.2 ∗

(
Total mass flow
Water density

)

+

(
Total mass flow
Biomass density

)

−

(
Outlet mass flow
Biomass density

)

∗ rt
(7)  

Where rt represents the reactor residence time. The biomass density was 
considered as 190 kg/m3 according to Wild and Visser (2018). Calcu
lations for the volume of the enzymatic hydrolysis reactor considered 
the composition of the pretreated biomass at the reactor feeding point. 
At the reactor discharge point, the experimental results for glucose and 
xylose production were also considered. The experimental data were 
fitted to a regression model in order to obtain the conversion perfor
mance of cellulose and hemicellulose. The volume was calculated by 
means of Eq. (7). Finally, the volume of the fermenter was calculated 
considering the concentrations of glucose and xylose previously ob
tained. The experimental data were also fitted to a regression model to 
obtain the glucose and xylose conversion yields. Within calculations, the 
change in density was adjusted using a regression model. 

The energy balance was performed according to Seader and Henley 
(2011), considering the calculated volume of the reactor as well as the 
operative conditions necessary to maintain a certain reactor tempera
ture during the process. In the case of the pretreatment reactor, we 
proposed that 10% of the total volume corresponded to steam. 

3. Results and discussions 

3.1. Composition of sotol fibers 

In order to quantify structural carbohydrates present in SB, we used 
the method reported in Sluiter et al. (2011). Our data indicated that 
cellulose, hemicellulose, and lignin content in untreated SB was 311.4, 
31.1, and 350.42 g kg− 1 of cellulose, hemicellulose, and lignin, respec
tively. In the case of SB exposed to alkali (NaOH), resulting composition 
was 474.7, 79.6, and 168.2 g kg− 1, correspondingly. With respect to SB 
pretreated with diluted sulfuric acid (H2SO4), numbers were 542.2, 
30.3, and 250.2 g kg− 1, in the same order. 

The results demonstrated an increase in 52.5% and 74% in cellulose 
content when samples were exposed to alkali and acid pretreatment, 
respectively, as compared to untreated samples. A 155.9% increase and 
2.5% decrease in hemicellulose content was observed after alkali and 
acid pretreatment, correspondingly, as compared to controls. In addi
tion, data indicated that alkali pretreatment resulted in a higher 
delignification ratio (52%), as compared to the one obtained with acid 
pretreatment (28.59%). Our delignification results using alkali pre
treatment were higher than those obtained for rice straw (28.4%; @6% 
of NaOH), and lower than those resulting using an alkaline-oxidative 
pretreatment on agave bagasse (82.62) where high quantities of re
agent and high temperatures were applied. In the case of the acid pre
treatment, previous reports have indicated a 19.6% delignification rate 
when agave bagasse was exposed to oxidative pretreatment using a 
relatively long reaction time of 48 h. In this case, delignification was 
lower than the one obtained in the present work (Perez-Pimienta et al., 
2013). Other reports have indicated that a sequential acid-alkali pre
treatment on leaves of the desert plant Agave salmiana resulted in a 
delignification yield of 84%, which is higher than those obtained in our 
work using SB (Láinez et al., 2019). 

3.1.1. Effect of acidic concentration vs reaction time on hydrolysis yield 
The objective of this experiment was to evaluate the conditions that 

maximize RS yield during EH. In addition, valuable data for further 
scaling up processes were obtained. Table 2 shows the effect of operating 
conditions on RS production. The p-value of the adjusted model 
(p < 0.0001) indicated that the model was significant, and the lack of fit 
was insignificant (p = 0.0876). Therefore, the statistical analysis 
demonstrated that the selected model properly described the response 
(R2 = 0.88 and adjusted R2 = 0.83). Results indicated that the optimal 
value was obtained when a reaction time of 15 min and H2SO4% con
centration of 0.5 (v/v) were used. With respect to EH of pretreated SB 
samples, the Analysis of variance (ANOVA) showed that time, acid 
concentration, and the interaction among time and acid concentration 
were significant factors affecting production of reducing sugars. The 
variable “acid concentration” showed a higher significance in the pre
treatment process (see Supplementary data) with respect to others. The 
severity factor obtained for this treatment was the lowest (2.78). As 
previously reported, the severity factor depends on the type of pre
treatment (Chundawat et al., 2008). However, it has been observed that, 
when the severity factor increases, the resulting lignin presents a higher 
inhibition of enzymatic hydrolysis (Ruiz et al., 2021). Table 2 depicts the 
EH results for pretreated sotol bagasse samples. The higher RS 

Table 2 
RS production during enzymatic hydrolysis (10 FPU/mL) at micro level scale of 
acid pretreated samples.  

Reaction time 
(min) 

Acid concentration (H2SO4 (%v/v))  

0.25 0.5 1.0 Severity 
factor 

15 3,39 ± 0,25 4,9 ± 0,75 3,96 ± 0.35  2.78 
30 3,68 ± 0,25 3,43 ± 0,55 4,1 ± 1,01  2.86 
60 3,34 ± 0,75 3,35 ± 0,35 4,4 ± 1,00  2.99  
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concentration (4,9 ± 0,75 mg/mL) was obtained with a severity factor 
of 2.78. In addition, a severity factor of 2.99 resulted in the lowest RS 
concentration (3,35 ± 0,35 mg/mL), which was probably associated to 
the presence of inhibitory compounds. We labeled experimental condi
tions of 15 min and 0.5% H2SO4 (v/v) as AP1. This last experiment was 
selected for further scale up. In addition, a trend analysis was performed 
(Prob > |t|). Thus, we decided to evaluate an experiment following the 
observed trend using a time of 30 min and a concentration of 1% H2SO4 
(v/v). These conditions were labeled AP2 (see Supplementary data). 
Finally, as it was previously reported, high temperatures increase the 
breakage of cellulose units. Pino et al. (2019) reported that temperatures 
between 160 and 220 significantly increased RS concentrations. On the 
other hand, time does not significantly affect the yield of reducing 
sugars. Pino et al. (2019) reported that optimized RS yield occurred at 
194 ◦C and 30 min of reaction. 

3.1.2. Micro-scale level: effect of enzyme concentration vs biomass 
concentration on EH yield 

Our results for EH of alkali and acid pre-treated SB samples at the 
micro-scale level are shown in Tables 3 and 4. Table 3 presents a com
parison of the results obtained for SB samples pretreated with an alka
line solution for washed and unwashed biomass. Results indicated that 
after EH, RS concentration in the samples increased as enzyme con
centrations also increased. This result indicated that the production of 
RS was favored when the amount of enzyme in the reactor increased 
(10 < 15 < 20 FPU). This trend was observed for both, washed and 
unwashed biomass. However, when the amount of biomass increased 
from 10 to 50 mg and the enzyme concentration did not change, a 
decrease in RS concentration was observed for both, washed and un
washed biomass. These data indicated that the increase in biomass in the 
reactor decreased the reaction yield. The RS production was favored 
when a relatively low biomass content was present 
(10 > 30 > 50 mg mL− 1). In addition, after alkaline treatment, reaction 
yield decreased from 20.1% to 3% when the amount of unwashed 
biomass increased from 10 to 50 mg mL− 1 at an enzyme concentration 
of 10 FPU. The same trend was observed for washed biomass using an 
enzyme concentration of 10 FPU. In this case, yield decreased from 
37.8% to 4.5% at biomass concentrations of 10 and 50 mg mL− 1, 
respectively. Comparing the results for washed and unwashed biomass, 
it was concluded that a higher EH yield was obtained when alkaline 
pretreatment and washed biomass were used. Our results were similar to 
those reported for wheat straw (WS) (Molina et al., 2014). 

The p-value of the adjusted model (p < 0.0001) implied that model 
fitting was significant, and the lack of fit was insignificant (p = 0.0604). 
Therefore, the statistical analysis demonstrated that the model properly 
described the response (R2 = 0.955 and adjusted R2 = 0.951). The linear 
and quadratic terms for enzyme concentration were statistically signif
icant (p < 0.05). The regression coefficients showed that enzyme con
centration presented a positive effect on the overall sugar yield. In 
addition, increasing amounts of biomass in the microreactor displayed a 

negative effect on sugar yield. The Analysis of variance (ANOVA) for 
production of reducing sugars showed that enzyme and biomass con
centration, as well as the interaction between enzyme and biomass 
concentration, significantly affected the final concentration of reducing 
sugars obtained during EH of pretreated SB samples. The enzyme con
centration in the bioreactor significantly affected the process (see Sup
plementary data). 

Table 4 presents the results for the EH of SB pretreated with diluted 
acid using washed and unwashed biomass. In the case of unwashed 
biomass, our data indicated an increase in RS concentration when the 
enzyme concentration increased from 10 to 20 FPU. In addition, an in
crease in RS production occurred when biomass concentration 
increased; however, the yield decreased significantly. Reaction yields of 
33.5%, 19.2%, and 13.4% were obtained for biomass concentrations of 
10, 30, and 50 mg mL− 1, respectively. These results indicated that re
action yield decreased at higher biomass concentrations 
(10 > 30 > 50 mg mL− 1). In the case of washed biomass, data indicated 
that RS concentrations increased when enzyme content increased from 
10 to 20 FPU. It was also observed that reaction yield decreased from 
32.8% to 10.4% when biomass contents were of 10 mg and 50 mg, 
respectively. Thus, a similar or superior reaction performance was ob
tained when unwashed biomass was used. 

The p-value of the adjusted model (p < 0.0001) implied that model 
fitting was significant, and the lack of fit was insignificant (p = 0.025). 
Therefore, our statistical analysis demonstrated that our model properly 
described the response (R2 = 0.990 and adjusted R2 = 0.986). The linear 
and quadratic terms of enzyme concentration and biomass were statis
tically significant model terms (p < 0.05). The regression coefficients 
showed that enzyme concentration positively affected overall sugar 
yield, while the increase in biomass content in the microreactor dis
played a negative effect on the overall sugar yield as previously reported 
by Aguirre-Fierro et al. (2020). The Analysis of variance (ANOVA) for 
production of reducing sugars showed that enzyme and biomass con
centration, and the interaction between enzyme and biomass concen
tration significantly affected the concentration of reducing sugars 
obtained in EH of pretreated SB samples. The biomass in the micro
reactor significantly affected RS production (see Supplementary data). 

Comparing the EH results for SB with alkaline and acid treatment, it 
was observed that the highest RS concentrations and reaction yields 
were obtained for AP unwashed biomass. This result could be associated 
with the quantification of by-products obtained during AP. For this 
reason, this material was selected for the scale up experiment. 

3.2. Experiments at 1L scale 

3.2.1. Pretreatment and enzymatic hydrolysis 
After data analysis, the selected operative conditions for SB pre

treatment were: (a) 0.5% v/v, 15 min, and 120 ◦C (AP1); (b) 1.0% v/v, 
30 min, 120 ◦C (AP2). After pretreatment, SB was dried until a 10% 
moisture content was achieved. Figs. 1a and 2a present the results for 

Table 3 
RS produced after EH of alkali pretreated biomass.  

Enzyme concentration (FPU/mL) RS produced (mg/mL) Yield 
(Unwashed) (Unwashed) 
Biomass in micro reactor (mg) 
10 30 50 10 30 50 

10 2.010 ± 0.053 1.530 ± 0.056 1.490 ± 0.056 20.1% 5.10% 3.00% 
15 2.850 ± 0.050 2.610 ± 0.036 2.437 ± 0.072 28.5% 8.70% 4.90% 
20 4.450 ± 0.133 4.410 ± 0.161 3.910 ± 0.107 44.5% 14.7% 7.80% 
Enzyme concentration (FPU/mL) RS produced (mg/mL) Yield 

(Washed) (Washed) 
Biomass in micro reactor (mg) 
10 30 50 10 30 50 

10 3.780 ± 0.002 2.320 ± 0.004 2.230 ± 0.001 37.8% 7.70% 4.50% 
15 4.053 ± 0.037 2.825 ± 0.084 2.913 ± 0.051 40.5% 9.40% 5.80% 
20 5.180 ± 0.009 4.580 ± 0.001 4.710 ± 0.002 51.8% 15.3% 9.40%  
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glucose and xylose production after EH of acid pretreated SB. According 
to the supplieŕs instructions, EH was carried out for 24 h at a solid load 
of 10% and an enzyme concentration of 11 FPU (3% w/w Cellic Ctec 
2®). Selected pretreatment conditions were as follows: 0.5% H2SO4 and 
15 min (Fig. 1a); 1% H2SO4 and 30 min (Fig. 2a). Our results indicated 
that the highest sugar production was obtained with biomass pretreated 
with 0.5% acid, where glucose and xylose concentrations were 
12.5 ± 0.25 and 1.4 ± 0.02 g L− 1, respectively (Fig. 1a). In the case of 
biomass pretreated with 1% H2SO4, results were 10.54 ± 0.07 and 
1.5 ± 0.02 g L− 1 (Fig. 2a), correspondingly. This concentration repre
sented a total RS yield of 22.4% (Fig. 1a) and 19.46% (Fig. 2a) after EH 
reaction. Calculations were performed considering 80 g of SB (10% 
solids load) with a 69.58% fraction of cellulose + hemicellulose. 

Performance was calculated as reported by Molina et al. (2014). The 
severity factor displayed values of 2.78 and 2.86 for AP1 and AP2, 
respectively. As it is possible to notice, the concentration of reducing 
sugars was lower when increasing the severity factor in AP2, which is 
consistent with that reported in Ruiz et al. (2021). According to our 
results, reaction yield was relatively high as compared to that obtained 
using micro-reaction with concentrations of 30 and 50 mg SB and 
enzyme levels of 10 and 15 FPU. The yield was lower than that obtained 
at enzyme concentrations of 10 mg and 15 FPU. The low performance 
observed during scale up may be associated with deficiencies in heat and 
mass transfer. 

Table 5 presents the yields of enzymatic hydrolysis at micro-scale 
and bench-scale level using different types of biomass, including the 
SB used in the present research. Data show that microscale acid and 
alkaline pretreatments presented a maximum yield of 57.8% and 51.8%, 
respectively. The enzymatic hydrolysis performed during scaling up 
using the acidic pretreatments AP1 and AP2 were 22.4% and 19.46%, 
respectively. 

Compared with other reports of enzymatic hydrolysis using different 
pretreated material, Agave bagasse hydrolysates pretreated with acid 
displayed yield of 34% when a yeast mixture was used (Celluclast 1.5L® 
and Novozyme 188®.) (Saucedo-Luna et al., 2011). This value was 
smaller as that obtained in our research in microreaction. Other sub
strates including sugarcane bagasse and wheat straw (Sandoval-Nuñez 
et al., 2017) presented yields of 46% and 42%, respectively, which were 
also smaller than the yields produced in the micro-reaction used in the 
present work. 

Other researchers have used industrialized desertic plant residues 
including agave bagasse (See Table 5), and applied different pretreat
ment methodologies including alkali extrusion, organosolv, acid hy
drolysis, autohydrolysis, and ionic liquids, as well as several 
pretreatment combinations. Montiel et al. (2016) reported a sacchari
fication yield of 73% when agave bagasse was subjected to a combined 
alkali extrusion-saccharification process using 80% of Cellic CTec 2® 
and 20% of Vizcozyme (Montiel et al., 2016). In addition, Avila Lara 
et al. (2015), obtained a saccharification yield of 74.4% after alkaline 
pretreatment of Agave bagasse and subsequent EH with 35 FPU/g Cellic 

Table 4 
RS produced after EH of acid pretreated biomass (AP1).  

Enzyme concentration (FPU/mL) RS produced (mg/mL) Yield 
(Unwashed) (Unwashed) 
Biomass (mg) 
10 30 50 10 30 50 

10 3.297 ± 0.039 6.057 ± 0.323 6.133 ± 0.292 33.5% 19.2% 13.4% 
15 3.437 ± 0.072 5.443 ± 0.175 6.695 ± 0.008 34.8% 18.1% 13.4% 
20 5.783 ± 0.034 7.050 ± 0.058 7.180 ± 0.040 57.8% 23.5% 14.4% 
Enzyme concentration (FPU/mL) RS produced (mg/mL) Yield 

(Washed) (Washed) 
Biomass (mg) 
10 30 50 10 30 50 

10 3.280 ± 0.004 3.990 ± 0.002 5.190 ± 0.003 32.8% 13.3% 10.4% 
15 3.483 ± 0.059 4.753 ± 0.004 5.653 ± 0.279 34.8% 15.8% 11.3% 
20 4.833 ± 0.018 6.043 ± 0.005 6.580 ± 0.002 48.3% 20.1% 13.2%  

Fig. 1. a) Glucose and xylose production during scale up experiments; b) Sugar 
consumption and ethanol production. Biomass was pretreated with 0.5% H2SO4 
for 15 min. 

Fig. 2. a) Glucose and xylose production during scale up experiments; b) Sugar 
consumption and ethanol production. Biomass was pretreated with 1% H2SO4 
for 30 min. 
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CTec 2® (Ávila-Lara et al., 2015). Furthermore, Perez-Pimienta et al. 
(2013) achieved a saccharification yield of 53.80% after 72 h of reaction 
with the application of acid hydrolysis and EH using 8 FPU/g Cellic CTec 
2® and 15 CBU/g Cellic HTec 2® (Perez-Pimienta et al., 2013). Different 
agave biomasses have been pretreated with ionic liquids. For example, 
Perez-Pimiento et al. (2018) treated Agave salmiana bagasse and Agave 
fourcroydes with the ionic liquid [C2C1Im][OAc] per 3 h at 120 ◦C, 
reporting hydrolysis yields of 23.3% and 49.2%, respectively. Also, In 
one hand, sequential treatments have been tested for the treatment of 
heart of Agave lechuguilla and leaves of Agave salmiana. Ortíz-Mendez 
et al. (2017) evaluated the sequential pretreatment of heart of Agave 
lechuguilla heart, which was exposed to 72% (v/v) H2SO4 at 30 ◦C for 
60 min, followed by a 60 min treatment with 4% (v/v) H2SO4 and 
finally an autohydrolysis at 190 ◦C for 30 min. According to their re
ports, these researchers obtained a saccharification yield of 55% 
(Ortíz-Méndez et al., 2017). Another sequential pretreatment was used 
by Láinez et al. (2019), who exposed leaves of Agave salmiana to 1% 
(v/v) H2SO4 for 90 min at 121 ◦C, followed by 3.4% (v/v) NaOH for 
70 min, also at 121 ◦C. A final saccharification with Celluclast 1.5 L 
(Novozyme ®) produced a hydrolysis yield of 85%. 

3.2.2. Fermentation experiments 
Figs. 1b and 2b present the fermentation results. In this case, ex

periments were monitored for 12 h. After reaction time, ethanol pro
duction was 5.18 ± 0.3 g L− 1 (F1) and 3.3 ± 0.2 g L− 1 (F2) for the 
fermentations performed with hydrolyzed biomass obtained from AP1 
(Fig. 1b) and AP2 (Fig. 2b), respectively. These results were similar to 
those reported by Sandoval-Nuñez et al. (2017) using K. marxianus. 
Fermentation yields were 81.09% and 61.27% when hydrolyzed 
biomass obtained from AP1 (Fig. 1b) and AP2 (Fig. 2b) were used, 
respectively. The fermentation yield was calculated according to Láinez 
et al. (2019). In addition, the fermentation rate 0.41 g/g for AP1 was 
similar to that reported in Sandoval-Nuñez et al. (2017). Data indicated 
that the yeast K. marxianus was not able to catabolize xylose. This 
probably occurred because pH negatively affected the microorganism 
metabolism. According to the results shown in Fig. 1b, K. marxianus did 
not consume xylose during the experiments. This means that xylose will 
be part of the distillation residues called vinasse. Thus, in order to obtain 
further added-value products such as biopolymers, additional 

bioprocesses may be implemented (Ferraresi de Araujo and 
Niño-Castillo, 2021). After fermentation experiments, the reaction broth 
was filtered in order to separate the cake and the liquid phase. This 
liquid was later distillated, and the chemical composition was deter
mined using GC. The chromatographic analysis showed the presence of 
ethanol as the major product, and acetaldehyde in relatively low con
centrations (fermentation F1 (Fig. 1b)); however, no fermentation in
hibition was observed. In the case of fermentation F2 (Fig. 2b), results 
indicated the presence of ethanol as the major product, and acetalde
hyde, methanol, iso-butanol, and isoamyl alcohol, in lower ratios. 
Herein, fermentation inhibition occurred. The production of these 
compounds during the fermentation process may be associated with the 
presence of different inhibitors including furfural or hydroxymethyl 
furfural (HMF) that can be related with a higher value (2.86) of severity 
factor, that was previously reported in Ruiz et al. (2021). These com
pounds produce oxidative stress in the microorganisms and deviate the 
metabolism to produce acetaldehyde, iso-butanol, and isoamyl alcohol. 
The effect of compounds such as furfural or HMF on the metabolism of 
K. marxianus has been previously reported in Flores-Cosio et al. (2018). 
Chromatograms are included in the Supplementary data. 

The ethanol concentration obtained in the present research was 
similar to that obtained by Sandoval-Nuñez et al. (2017) when 
K. marxianus was used along with WS hydrolysates. Sandoval-Nuñez 
et al. (2017) obtained 5.1 g L− 1 ethanol when fermentation was per
formed in the absence of inhibitory byproducts. In addition, these in
vestigators reported a lower ethanol yield (3.1 g L− 1) when 
fermentation was done with WS hydrolysates in the presence of different 
inhibitory compounds including some phenolic compounds, furan der
ivates (furfural and HMF), and aliphatic carboxylic acids (acetic acid) 
(Sandoval-Nuñez et al., 2017). Other authors have reported that 
fermentation of acid pretrated Agave tequilana bagasse resulted in 
24 g L− 1 reducing sugars and 6.37 g L− 1 ethanol. In this case, these re
searchers used the yeast Pichia caribbica (Saucedo-Luna et al., 2011). 

The severity factor is related to the presence of inhibitory byproducts 
generated through fermentation. The biomass obtained from the 
experiment labeled AP2 (with a SF 2.86) was fermented in the presence 
of K. marxianus. The results showed an inhibitory response during EH 
and its subsequent fermentation. Also, different by-products including 
iso-amyl alcohol and iso-butanol, among others, were identified. It has 

Table 5 
Results comparison with other works using different AIW and pretreatment-hydrolysis conditions.  

Substrate Pretreatment conditions Enzyme employed Hydrolysis 
yield 

Reference 

Agave lechuguilla heart 
(cogollos) 

Sequential 72% (v/v) H2SO4; 30 ◦C; 60 min then 
121 ◦C; 4% H2SO4 per 60 min. Then autohydrolysis at 
190 ◦C per 30 min 

Accellerase 1500® 60.85% (Ortíz-Méndez et al., 
2017) 

Leaves of Agave salmiana Sequential 1% (v/v) H2SO4, for 90 min then 3.4% (v/v) of 
NaOH for 70 min, both at 121 ◦C 

Celluclast 1.5 L (Novozyme). (5 FPU/g 
cellulose) 

85% (Láinez et al., 2019) 

Agave bagasse (tequilana 
weber) 

147 ◦C; 2.3% H2SO4; 15 min Celluclast 1.5 L® and Novozyme 188®. 37.4% (Saucedo-Luna et al., 
2011) 

Agave bagasse NaOH/Extrusion 80% of Cellic CTec 2® and 20% of 
Vizcozyme 

73% (Montiel et al., 2016) 

Agave bagasse 130 ◦C; 1.58% H2SO4; 52.5 min Cellic® CTec2 and HTec2 57.6% (Ávila-Lara et al., 2015) 
Agave salmiana bagasse 120 ◦C; ionic liquid [C2C1Im][OAc]; 3 h. Not specified 23.3% (Pérez-Pimienta et al., 

2018) 
Agave fourcroydes 120 ◦C; ionic liquid [C2C1Im][OAc]; 3 h. Not specified 49.2% (Pérez-Pimienta et al., 

2018) 
Agave bagasse Not pretreated (Celluclast 1.5 L/Viscozyme L and 

Cellic® Ctec2/Cellic® Htec2 
31.25% (López-Gutiérrez et al., 

2020) 
Sugarcane bagasse 121 ◦C; 2% H2SO4; 15 min HTec2 and CTec2 from Novozyme®. 46% (Sandoval-Nuñez et al., 

2017) 
Wheat straw 121 ◦C; 2.3% H2SO4; 15 min HTec2 and CTec2 from Novozyme®. 42% (Sandoval-Nuñez et al., 

2017) 
Sotol bagasse 

(Microreaction) 
121 ◦C; 0.5% H2SO4; 15 min Cellic CeTec2® 57.8% This work 

Sotol bagasse 
(Microreaction) 

30 ◦C; 6% NaOH; 6 h Cellic CeTec2® 51.8% This work 

Sotol bagasse (800 mL) 121 ◦C; 0.5% H2SO4; 15 min Cellic CeTec2® 22.4% This work  
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been reported that the metabolism of K. marxianus produces these 
compounds in the presence of furfural or hydroxymethyl furfural. These 
results allow to select the adequate biomass pretreatment associated 
with the severity factor an its posterior scaling up. 

3.3. Mass and energy balance 

The fundamentals stages for a biorefinery design are shown in Fig. 3, 
along with operating conditions. Main stages include pretreatment, 
enzymatic hydrolysis, and fermentation. In our investigation, only one 
scenario was evaluated. Pretreatment was performed with a residence 
time of 15 min. Both, reactor temperature and sulfuric acid concentra
tion are shown in Fig. 3. The reactor volume was calculated using 
18,750 kg h− 1 as feedstock basis. The composition of the biomass was 
5838.75, 583.13, and 6641.25 kg h− 1 of cellulose, hemicellulose, and 
lignin, respectively. In addition, the pretreatment reactor effluent pre
sented a mass flow of 3346.83, 186.35, 1538.73, 2491.92, and 
396.78 kg h− 1 for cellulose, hemicellulose, lignin, glucose, and xylose, 
respectively. The volume of the pretreatment reactor was 27.22 m3. 

During calculations of the EH reactor volume, the composition of the 
pretreatment reactor effluent was considered. The enzyme concentra
tion was achieved using a 3% of Cellic CTec 2®. Concentrations of cel
lulose, hemicellulose, lignin, glucose, and xylose in the EH effluent were 
2660.73, 183.55, 1538.73, 3178.02, and 399.58 kg h− 1, respectively. 
The calculated EH reactor volume was 104.42 m3. 

In order to calculate the fermenter volume, we only considered the 
amounts of glucose and xylose produced in the EH. In addition, reactor- 
operating conditions were 30 ◦C and residence time of 8 h. This time 
was considered because of the low ethanol production after this period. 
The composition in the fermenter effluent was 2864.49, 365.5, and 
347.63 kg h− 1 of ethanol, glucose, and xylose, respectively. Resulting 
fermenter volume was 693.68 m3. 

The energy and mass yields were calculated according to Morales 
et al. (2021) considering an ethanol density of 0.79 kg L− 1 and an en
ergy content of 26.8 MJ kg− 1 ethanol. According to mass balance data, 
the potential energy that may be produced using the resulting bio
ethanol was 76,768.33 MJ h− 1. In the present work, the ratio of bio
ethanol and energy produced per kg dry SB were 0.19 L (0.15 kg), and 
4.09 MJ, respectively. The rate of bioethanol production obtained in the 
present research was lower than that reported using hardwood chips 
(0.25 L kg− 1) (Cardona Alzate and Sánchez Toro, 2006). Furthermore, 
the amount of bioethanol produced in our experiments (0.15 kg kg− 1) 
was similar to that reported for softwood forest residues (0.19 kg kg− 1 

DB) (Karlsson et al., 2014). In addition, the energy content reported 
herein (4.09 MJ kg− 1) was lower than those obtained for switchgrass 
(5.43 MJ kg− 1), hardwood chips (5.29 MJ kg− 1), and E. globulus 
(8.93 MJ kg− 1) (Cardona Alzate and Sánchez Toro, 2006; Montiel et al., 
2016; Saucedo-Luna et al., 2011). 

According to our results, 49,755.62, 8.74, and 11.61 MJ h− 1 are 
needed to properly run the pretreatment tank, EH tank, and fermenta
tion tank, respectively. In addition, the whole process requires 
49,775.98 MJ h− 1 to maintain a proper temperature. Thus, data indi
cated that this process generated an energy surplus of 
26,992.35 MJ h− 1. Most of the energy was demanded during the pre
treatment stage. Specifically, 99% of the energy was associated to steam 
production at a T of 121 ◦C. Finally, the energy balance of the process 
showed an energy surplus of 35% considering the quantity of bioethanol 
produced minus the energy required by the process. Taking into account 
the fundamental stages studied in the present work and from an ener
getic point of view, the process presented herein could be labeled as 
sustainable. Thus, it may be successfully implemented at the industrial 
level. 

3.4. X-ray analysis (Crystallinity) 

Crystallinity significantly affects enzymatic hydrolysis efficiency. 
This parameter was determined using X ray diffraction (Morais et al., 
2016). Fig. 4 shows X-ray spectra of SB exposed to different treatments. 
Characteristic peaks associated to cellulose I structure (16.1◦ and 22.7◦) 
are also shown (Ávila-Lara et al., 2015; Montiel et al., 2016). Results 

Fig. 3. Process block diagram for SB transformation: a) Pretreatment tank, b) Enzymatic hydrolysis tank, c) Fermentation tank.  

Fig. 4. X-ray spectra of SB after each process stage: a) raw material; b) acid 
pretreatment; c) alkali pretreatment; d) EH of SB after acid pretreatment; e) EH 
of SB after acid pretreatment. 
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indicated that untreated and acid pretreated biomasses displayed crys
tallinity indexes (CrI) of 6.6% and 30.89%, respectively. This increase in 
CrI was attributed to the removal of amorphous cellulose, hemicellulose, 
and lignin during the acidic pretreatment. After enzymatic hydrolysis, 
CrI was 21.05%. In this case, CrI decrease can be associated to crystalline 
cellulose hydrolysis and lignin remotion after EH (Molina-Guerrero 
et al., 2018). CrI of biomass pretreated with alkali displayed a value of 
33.3%, which was higher than that obtained for SB without pretreat
ment. Herein, a higher CrI also indicated reduced amorphous cellulose, 
hemicellulose, and lignin content. In addition, the CrI of biomass pre
treated with alkali was higher than the one observed for acid pretreated 
biomass. This difference resulted from lignin and hemicellulose removal 
(Morais et al., 2016). According to these data, alkaline pretreatment was 
able to remove higher amounts of amorphous cellulose than acidic 
pretreatment. As previously reported in Aguirre-Fierro et al. (2020), an 
increase in CrI can be associated to the increase of cellulose content in 
the pretreated biomass. Moreover, after EH, CrI was 31.28%. This value 
was much higher than that obtained after EH of acid pretreated SB. 

CrI is associated to cellulose and lignin content in biomass. Cellulose 
content in the raw material, biomass after basic pretreatment, and 
biomass after acidic pretreatment displayed values of (g/kg) 311.4, 
474.7, and 542.2, respectively. Thus, SB with no pretreatment presented 
a low cellulose content and low crystallinity index (see Table 6). How
ever, in both pretreatments (basic and acid) the cellulose content and CrI 
increased. In these results, the crystallinity index of alkaline pretreated 
biomass (31.28%) was higher as compared to that pretreated with acid 
(30.89%). These data may indicate that the alkaline pretreatment 
resulted in a higher exposure of cellulose fibers than acidic 
pretreatment. 

CrI and lignin content are also related. For example, SB with no 
pretreatment displayed a high lignin content and a low CrI. However, CrI 
increases as lignin was removed during pretreatments. For example, the 
lignin content after basic pretreatment was lower as compared to that 
after acidic pretreatment. In addition, CrI was higher in the basic treated 
biomass as a result of a higher lignin removal (Morais et al., 2016). 

Table 6 presents the results for crystallite size in the 002 plane and 
the crystallinity index for samples obtained in the present investigation. 
Data indicated that SB exhibited crystallite sizes between 2.59 and 
3.9 nm. Crystal size in raw SB was of 3.9 nm, while that in acid pre
treated SB was of 2.59 nm. In addition, crystallite size was 2.65 nm after 
EH. This size reduction may be attributed to the partial destruction of 
crystalline cellulose after SB pretreatment. 

XRF analysis was performed to determine the content of SiO2 in the 
biomass after pretreatment and hydrolysis. SiO2 represents a plant de
fense against abiotic (e.g., heavy metal toxicity and salinity) and biotic 
(e.g., fungi and insects) stresses. Different operative complications re
ported in paper pulp plants or during wastewater treatment have been 
associated with the presence of SiO2 precipitates, which significantly 
affect control systems during biorefinery processes (Le et al., 2015). Our 
data indicated that the content of silica was 2.447%, 4.352%, and 
11.585% for SB without pretreatment, SB with acid pretreatment, and 
hydrolyzed SB, respectively. As expected, SiO2 was not detected in fibers 
of biomass exposed to alkali pretreatment. Le et al. (2015) reported that 
the spontaneous solubilization of silica in water was highly dependent 
on pH and temperature (pH over 9). The influence of pH and tempera
ture on silica solubility is extremely important since many industrial 
biorefinery processes involve different steps that are performed at 

relatively low pHs (e.g. hydrolysis, dehydration, and rehydration) and 
specific temperatures (Le et al., 2015). Our results indicated a silica 
content in SB similar to that observed in wheat straw (2.53%) (Moli
na-Guerrero et al., 2018). Higher values for SiO2 content in acid treated 
biomass may be attributed to a decrease in amorphous cellulose content. 

3.5. SEM analysis 

Fig. 5 depicts the micrographs of raw material and SB after chemical 
pretreatment and enzymatic hydrolysis. In this Figure, different 
morphological changes are observed. Fig. 5a corresponds to SB without 
pretreatment. As this image reveals, fibers presented a defined structure 
and an intact epidermis covering the SB skeletal structure. In Fig. 5b, the 
SB exposed to diluted sulfuric acid pretreatment (AP1) showed and 
structure with no presence of epidermis and an exposed skeletal struc
ture (cellulose). Finally, Fig. 5c presents the micrographs of SB after 
hydrolysis. In this case, fibers displayed a completely amorphous 
configuration, indicating structure degradation. Fig. 5d shows 
morphological SB changes after alkaline pretreatment. In this case, fiber 
internal structures were exposed, uncovering cellulose and hemicellu
lose components. For this reason, hydrolysis performance improved. 
Fig. 5e presents the skeletal structure of SB fibers, where significant fiber 
damage is observed. 

3.6. Total Attenuated Reflection (ATR) (Infra-Red) 

ATR band assignments were performed according to literature 
specialized in the analysis of cellulose, hemicellulose, and lignin bio
molecules. The characteristic ATR spectra (Fig. A2) are shown in the 
Supplementary information. The cellulose bands are associated to CH2 
(1319 cm− 1), ring vibrational stretching C-O-C (1157 cm− 1), aromatic 
C-H deformation (1022 cm− 1) and stretching due to β-linkage in cellu
lose (887 cm− 1) (Cui et al., 2012; Kirtania et al., 2014). The ATR band at 
1022 cm− 1 displayed strong signals characteristic of a high cellulose 
content. This band, which was present in every sample, was correlated 
with cellulose and is probably associated with β (1,3)-polysaccharides 
(Molina-Guerrero et al., 2018). 

The ATR bands associated with hemicellulose were found at 1731 
and 1226 cm− 1. The ATR band at 1731 cm− 1 corresponded to an ester 
carbonyl group (C––O) and displayed a typical band associated with 
hemicellulose (Kirtania et al., 2014; Kristensen et al., 2008; Martí
nez-Herrera et al., 2021). 

The ATR lignin bands were found at 1592 and 1504 cm–1. These 
signals corresponded to quadrant ring stretching (aromatic lignin) and 
semicircle ring stretching (aromatic lignin), respectively (Kristensen 
et al., 2008). The bands at 3413 cm–1 were related to the –OH groups 
present in different components including absorbed water in cellulose, 
hemicellulose, lignin, and carboxylic acids (Brígida et al., 2010; Cui 
et al., 2012; Ibrahim et al., 2011; Kristensen et al., 2008). Finally, 
Kristensen et al. (2008) ascribed the 2956 and 2906 cm− 1 bands to 
waxes associated with methyl (-CH3) and methylene (-CH2) groups 
(Kristensen et al., 2008; Martínez-Herrera et al., 2021). 

4. Conclusion 

In the present investigation we developed an integrative process for 
ethanol (2G) production using sotol bagasse biomass, which represents a 

Table 6 
Crystallinity index, crystal size, and SiO2 content in biomass fibers before and after pretreatments.  

Issue Raw material Acid pretreatment EH of acid pretreated biomass Alkali pretreatment EH of alkali pretreated biomass 

Crystallinity index [%]  6.62 30.89 21.05 33.3 31.28 
Crystal size [nm]  3.9 2.59 2.65 2.99 3.42 
SiO2 [%]  2.447 4.352 11.585 N.D. N.D. 

N.D. No detected. 
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novel carbon source produced in Mexico. For this purpose, we per
formed biomass characterization and developed the biofuel production 
process. Our data indicated that this process adheres to the principles of 
green chemistry since a significant amount of energy was obtained. This 
amount was significantly higher than 49,775.98 MJ h− 1, which corre
sponds to the energy required to produce (76,768.33 MJ h− 1) ethanol. 
Thus, from an energetic point of view, bioethanol production using SB is 
a feasible process. Our polysaccharide SB content indicated a low per
formance during the scale up process. Thus, new strategies will be 
developed to improve performance of pretreatment and hydrolysis 
processes. In conclusion, SB showed a significant potential for the pro
duction of 2G ethanol. Furthermore, our proposed process will support 
the transition to a circular bioeconomy in Mexico. 
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