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Abstract
In this work, alkaline hydrogen peroxide pretreatment (AHP), at low concentrations of chemical reagents and mild temperature,
on sugarcane bagasse was evaluated for production of bioethanol via enzymatic hydrolysis using Cellic® CTec3 from
Novozymes® and fermentation using Saccharomyces cerevisiae wild-type strain AR5. Sodium hydroxide NaOH and calcium
hydroxide Ca(OH)2 as alkaline reagents were used and combined with hydrogen peroxide (H2O2) as oxidant reagent. AHP
pretreatment with NaOH increased cellulose content up to 78% and holocellulose content up to 90%, resulting in 35% more of
cellulose and holocellulose contents compared with AHP pretreatment with Ca(OH)2. Results of enzymatic hydrolysis of
substrate coming from pretreatment with NaOH achieved high holocellulose-to-reducing sugar yield up to 81% in 7 h of reaction
time, 30% higher production than using Ca(OH)2. Besides, for the fermentation process, the necessity and effectiveness of
removing remaining solids after enzymatic hydrolysis are not reported in the open literature. Finally, the maximum theoretical
yield (95%) was obtained using bothalkaline reagents for the fermentation experiments, producing a maximum ethanol concen-
tration of 39 g/L when AHP pretreatment with NaOH was used, as well the ethanol production balances of 28.9% and 19.1%,
were achieved according to the pretreatments with NaOH and Ca(OH)2, respectively.
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Lignocellulosic bioethanol

1 Introduction

Lignocellulosic biomass is a long-term feedstock with im-
mense potential for biofuel production, being the bioethanol
one of the most promising in tackling today’s global energy
crisis and environment quality deterioration [1]. The sugar-
cane bagasse is considered as an agro-residue with high po-
tential to produce fermentable sugars and consequently repre-
sents an important source of energy [2].

Themain four process steps for bioethanol production from
lignocellulosic biomass are as follows: (1) the biomass pre-
treatment to make susceptible the cellulose and hemicellulose
to the enzymes; (2) the enzymatic hydrolysis of pretreated
biomass to convert the carbohydrate complex to reducing
sugars, like glucose; (3) the fermentation of reducing sugars
to ethanol by microbes, e.g., Saccharomyces cerevisiae; and
(4) the bioethanol purification from fermentation broth up to a
fuel grade purity [3]. The pretreatment is a crucial step from
the technical and economic perspective, because of its strong
influences in the other three downstream main process steps
involved in a bioethanol-aimed refinery [4, 5]. Regardless of
the type of lignocellulosic biomass, the pretreatment must
provide high availability of holocellulose (cellulose plus
hemicellulose) to enable in a first instance the production of
a high amount of reducing sugars.

A large number of pretreatment methods for biomass have
been studied, which can be broadly classified into physical
[6], chemical [3], physio-chemical [7], and biological [8].

* Héctor Hernández-Escoto
hhee@ugto.mx

1 Departamento de Ingeniería Química, División de Ciencias Naturales
y Exactas, Universidad de Guanajuato, campus Guanajuato, Noria
Alta s/n, Colonia Noria Alta, 36050 Guanajuato, Gto., Mexico

2 Departamento de Biología, División deCiencias Naturales y Exactas,
Universidad de Guanajuato, campus Guanajuato, Noria Alta s/n,
Colonia Noria Alta, 36050 Guanajuato, Gto, Mexico

https://doi.org/10.1007/s13399-019-00574-3

/ Published online: 24 December 2019

Biomass Conversion and Biorefinery (2021) 11:1897–1907

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-019-00574-3&domain=pdf
https://orcid.org/0000-0001-5756-8260
http://orcid.org/0000-0002-0576-0346
mailto:hhee@ugto.mx


Although there is not a universal pretreatment, the ultimate
goal in pretreatment research is to enhance the enzymatic hy-
drolysis of holocellulose; in this way, by improving the overall
bioconversion efficiency for production of fermentable
sugars, bioethanol production in fermentation process is in-
creased as well [9]. Chemical pretreatment has been consid-
ered one of the most effective and promising for industrial
application; e.g., either acid or alkali applications are effective
in removal of lignin and hemicellulose [10]. The alkali reagent
can be even combined with H2O2, resulting in an AHP pre-
treatment considered as one of the better strategies in enhanc-
ing the enzymatic hydrolysis significantly [11] that not only
improves the lignin depolymerization and the digestibility of
lignocellulosic materials at a low operating cost but also max-
imize the utilization of the holocellulose [12].

The AHP is an environment-friendly pretreatment that
can be carried out at mild temperature and pressure, which
leads to minor inhibitor formation [13]. The oxidative ac-
tion of the H2O2-derived radicals is thought to contribute to
the depolymerization of lignin by attacking lignin side
chains and fragmenting the lignin macrostructure into a
number of low-molecular-weight compounds [14].
However, to carry out an AHP pretreatment, a high concen-
tration of H2O2, around 10%, on biomass is generally re-
quired, which implies a high processing cost, and conse-
quently, this does not favor the economy in the bioethanol
production from lignocellulosic feedstocks [15]. Thus, ox-
idant reagent, and alkaline reagent as well, must be used at
low concentrations, e.g., 0.5–2%, that enable a high conver-
sion rate of holocellulose-to-reducing sugars. Additionally,
the use of mild temperature values to avoid the extreme
conditions are preferred in order to reduce energy inputs,
e.g., between room temperature and 60 °C [16, 17].

NaOH is a high-performance alkali reagent used in al-
kaline or AHP pretreatments; its disadvantage lies in that it
is more expensive than other bases. Therefore, researchers
have considered to either replace NaOH or reduce its dos-
age [18]. Ca(OH)2 is an alkali reagent considered as alter-
native because it is safer to handle, less expensive, and can
avoid significant loss of carbohydrates, but which of the
two alkali reagents is a better choice in terms of perfor-
mance that provide to an enzymatic hydrolysis process is
currently in the twilight. Yan et al. [19] and Jin et al. [20]
made a comparison between the conversion efficiency in
enzymatic hydrolysis process between NaOH and
Ca(OH)2, using sorghum bagasse and catalpa sawdust as
lignocellulosic substrates, respectively. The results showed
that Ca(OH)2 yielded higher than NaOH for both cases.
Conversely, Chang et al. [21] and Jiang et al. [22] com-
pared both alkali reagents, being NaOH more suitable than
Ca(OH)2 for treating sugarcane bagasse and giant reed,
respectively, due to its advantage of higher enzymatic hy-
drolysis efficiency and easier lignin recovery.

A first step to evaluate the efficiency of a pretreatment
approach is through the obtainment of reducing sugars in en-
zymatic hydrolysis experimentation [23] and considering
compounds released in the pretreatment process, and also it
is convenient to evaluate the pretreatment effect on fermenta-
tion process [24].

Besides, for the fermentation process, the necessity and
effectiveness of removing remaining solids after enzymatic
hydrolysis are not reported in the open literature. This aspect
is important in the bioethanol production because one of the
challenges is to carry out fewer steps as possible.

On the other hand, to make the bioethanol production eco-
nomically feasible, the fermentation broths must achieve at
least 40 g/L of ethanol [25], meaning that the initial concen-
tration of six-carbon sugars must be at least of 80 g/L when
Saccharomyces cerevisiae is used [26]. Fermentation can be
considered the core of the global process, and any improve-
ment in this step can benefit the plant productivity and eco-
nomics, being the biomass solid loading one of the major
challenges and topic of research in lignocellulosic ethanol
production. Bioethanol recovery and downstream processing,
which account for about 40–45% of total thermal energy use
in the whole process, are directly dependent on its final con-
centrations [27]. To reach the concentration of 80 g/L of six-
carbon sugars, one of the strategies consists of carrying the
enzymatic hydrolysis process with a load of pretreated bio-
mass greater than 15% w/v [28, 29]. However, this leads to a
difficult mixing, which in turn brings out problems of process
condition adjustments, as in pH and temperature [30]. For this
reason, another strategy is to carry out the process of enzymat-
ic hydrolysis at low solids (e.g., 5% w/v) and next bring the
hydrolysates under a pre-concentration process (e.g., evapora-
tion) to increase the concentration of six-carbon sugars, thus
obtaining a higher concentration of ethanol.

From the abovementioned, in this work, the process of
bioethanol production from sugarcane bagasse was studied
considering AHP as the pretreatment method, comparing the
use between NaOH and Ca(OH)2 at low reagent concentra-
tions and the effects of both reagents in the processes of en-
zymatic hydrolysis and fermentation. Another goal is the eval-
uation of the pre-concentration approach from hydrolysate
broths through an evaporation process and the use of hydro-
lysate broths with remaining sugarcane bagasse of the previ-
ous step in the fermentation process as well.

2 Materials and methods

2.1 Lignocellulosic biomass and pretreatment

The raw sugarcane bagasse (RSB) was provided by the sugar
mill El Refugio, located near Xalapa, Veracruz (México). RSB
was collected immediately after the extraction of sugarcane
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juice, with moisture of 22.5% w, and was milled and screened
to collect particles of size between 0.425 and 0.850 mm (mesh
screen size #20–40).

Two alkaline-oxidativemediumswere considered to pretreat
RSB; in both, H2O2 is the oxidative reagent, and for each me-
dium, the different alkaline reagents were NaOH and Ca(OH)2.
The pretreatments were carried out at a solid load of 6% w/v
(dry weight) and reaction volume of 1 L and concentrations of
2% v/v of alkaline reagent and 2% v/v of oxidative reagent,
with a reaction time of 5 h, at 60 °C, and pH was manually
controlled in 11.5 throughout the processing time.

Both sugarcane bagasse pretreated with NaOH (KSB) and
sugarcane bagasse pretreated with Ca(OH)2 (CSB) were
washed by distilled water to remove impurities: 1 L of distil-
late water to 60 g of pretreated biomass. Finally, they were
stored in refrigeration.

The chemical composition for RSB, KSB, and CSB was
determined, in duplicate, following the methodology
established by Goering et al. [31] and Van Soest et al. [32].
This technique consists in three steps: (i) analysis of neutral
detergent fiber (NDF) to measure the extractives content; (ii)
analysis of acid detergent fiber to measure hemicellulose con-
tent; and (iii) analysis for Klason lignin method to determine
the cellulose, soluble lignin, and insoluble lignin [31, 32].

2.2 Enzyme complex

The enzyme complex used in all the enzymatic hydrolysis ex-
periments was the Cellic® CTec3 (CT3) from Novozymes®.
According to the open technical information, this enzyme com-
plex contains cellulase and hemicellulase that ensure the conver-
sion of holocellulose-to-reducing sugars. Besides, the effective
performance occurs at a temperature between 50 and 55 °C and a
pH of 4.75–5.25. In addition, it is suggested to test the enzyme
complex with different dosing levels and generate a dose-
response curve to make a comparison between enzyme dosing
versus percentage cellulose conversion.

2.3 Determination of effective process conditions
for the enzymatic hydrolysis

On the basis that two substrates and one enzyme complex
were considered, two enzyme-substrate systems were gener-
ated as well: (i) KSB-CT3 and (ii) CSB-CT3. To determine the
effective process conditions for the enzymatic hydrolysis of
each system, a microhydrolysis technique was followed [33].
This consists on carrying out enzymatic hydrolysis experi-
ments in 1.5 mL tubes placed in a Thermomixer comfort (by
Eppendorf®) during 1 h, which enables to perform 24 exper-
iments simultaneously at a constant temperature but with dif-
ferent pH and enzyme complex dose. The pH was not con-
trolled during the reaction because there are some complica-
tions in its measurement due to the small reaction system,

although the change of pH in 1 h of reaction is not
considerable.

Therefore, the conditions evaluated followed a full factorial
design where the factors considered were the enzymatic dose
(E), temperature (T), and pH; the levels were 4 for E (93.75,
218.75, 343.75, and 468.75μL/g-KSB or g-CSB), 3 for T (45,
50, and 55 °C), and 3 for pH (4.5, 5.0, and 5.5).

The yields represent the mass (g) of reducing sugars ac-
cording to the total mass of KSB or CSB. The mass (g) of
reducing sugars were calculated from the reducing sugar con-
centrations (g/L) of the microhydrolysis and the reaction vol-
ume of 1.5 mL.

The effective process conditions were determined by ap-
plying the response surface methodology using the statistical
software Minitab-v 17.1 (Minitab Inc., PA, USA), where a
quadratic model of the response surface was recalled [34].

Y ¼ β0 þ β1*E þ β2*T þ β3*pH þ β11*E
2 þ β22*T

2

þ β33*pH
2 þ β12*E*T þ β13*E*pH þ β23*T*pH ð1Þ

where E refers to the enzyme load and T is temperature. This
methodology was applied for both enzyme-substrate systems.

2.4 Enzymatic hydrolysis in a stirred tank reactor

In order to determine the effectiveness of the pretreatment
mediums, and for the generation of hydrolysate broths for
fermentation, the enzymatic hydrolysis experiments in tripli-
cate were performed.

The reaction system to perform the enzymatic hydrolysis
consisted in a stirred tank reactor system is composed of a
flask of 0.5 L (Proculture® glass spinner flask by Corning®)
warmed by a hot plate with a temperature controller (stirring
hot plate Corning® PC-420D) and mechanically stirred (over-
head stirrer IKA® RW-20 Digital) with three marine
propellers.

The set of the enzymatic hydrolysis experiments were car-
ried out at 5% w/v using the effective process conditions de-
termined in the enzymatic microhydrolysis experiments. The
pH was controlled manually throughout the processing time.

The reaction time of the enzymatic hydrolysis using the
KSBwas 8 h, while the CSBwas 20 h, due to the performance
of the kinetics. Samples of 1 mL were frequently taken out to
construct the kinetics. To determine the concentration of re-
ducing sugars, the calculations were made considering the lost
volume by the sampling.

Once the enzymatic hydrolysis process is finished, the hy-
drolysate was filtered through a commercial cloth mesh to
remove the solids as much as possible. Considering the total
solids in the hydrolysate as the total biomass load minus the
cellulose and hemicellulose converted to reducing sugars, the
amount of solids removed was around 70% (dry basis).
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2.5 Fermentation process

To evaluate the performance of each substrate in fermentation,
their hydrolysate broths were tested. The yeast used was the
wild-type strain Saccharomyces cerevisiae AR5, which was
maintained on YPD agar plates with 2% glucose, 2% bacto
peptone, and 1% yeast extract (w/v) and was grown at 28 °C
for 48 h [35].

The reaction system to grow the cells consisted of shaking
water with flasks of 0.5 L, and the liquid medium used was
part of the hydrolysates.

The fermentation experiments were carried out at a temper-
ature of 33 °C in duplicate; pH values were in a range between
4 and 5 (coming from hydrolysate broths), in the same shaking
water bath, using flasks filled with 50 mL from the corre-
sponding hydrolysate broth. The pHwas not controlled during
experiments. The fermentations lasted 26 h, and seven sam-
ples of 1 mL were taken out frequently. To determine the
ethanol concentration, the lost volume by the sampling was
considered for calculations of ethanol concentration.

Specifically, the hydrolysates of both KSB and CSB were
prepared and used in four different ways: (1) the hydrolysate
broths were used with all the remaining solids from enzymatic
hydrolysis experiments (solids); (2) the hydrolysate broths
were evaporated with all the remaining solids from the enzy-
matic hydrolysis (solids and pre-concentrated); (3) the hydro-
lysate broths were centrifugated, and the solids were removed
(no solids); and (4) the hydrolysate broths were evaporated
after solids removal (no solids and pre-concentrated).
Therefore, 8 different reaction systems were considered for
the fermentation process.

2.6 Measurement of liquid samples

The DNS technique established by Miller [36] was used to
measure reducing sugars of the enzymatic microhydrolysis
experiments (Sect. 2.3) and the samples taken from the enzy-
matic hydrolysis experiments at 0.5 L (sect. 2.4) as well. The
DNS technique was performed in microtubes of 1.5 mL of
volume and was carried out in triplicate. After the correspond-
ing dilution of the experiment samples, 100 μL of dilute sam-
ple plus 100 μL of DNS reagent were added to the microtube
and boiled by 5 min and then immediately cooled by 5 min.
Next, each DNS sample was filled with 1 mL of distilled
water, and finally the absorbance measurement was at wave-
length of 540 in Spectrophotometer Genesys® 10S.

The glucose concentration, for both samples from enzy-
matic hydrolysis experiments at 0.5 L and fermentation exper-
iments, was measured by the biochemical analyzer YSI 2700
Select [37].

The PerkinElmer® Clarus® 500 Gas Chromatograph with
the Thermo Scientific® TRACE® TR-WaxMS Column (the

stationary phase is polyethylene glycol and a carrier gas pres-
sure of 55.1 kPa) was used to measure ethanol concentration.

2.7 General outline of the experimentation carried
out

Figure 1 shows the general scheme of experimentation follow-
ed in this work, from the reception of the lignocellulose sub-
strate (RSB) until the conversion of reducing sugars to
bioethanol production. The chemical characterization for cel-
lulose, hemicellulose, and lignin was determined before and
after the pretreatment and after enzymatic hydrolysis as well.
It is included a microhydrolysis technique to determine the
effective process conditions for enzymatic hydrolysis step
was assayed, and finally, in the fermentation, the use of re-
maining solids from the previous step and a pre-concentration
process was evaluated.

3 Results and discussion

3.1 Chemical composition of substrates

The chemical composition of RSB, KSB, and CSB is shown
in Table 1. Cellulose content with 54% is the most abundant in
RSB, reaching up to twice compared to hemicellulose content
of 27%; meanwhile, the amount of lignin of 10% is in the
smallest proportion [38]. Cellulose and hemicellulose con-
tents are according to the studies reported in the literature;
Arni [39] presented several studies in where the raw sugarcane
bagasse is measured for chemical composition obtaining the
ranges of cellulose fraction between 35% and 55%, hemicel-
lulose fraction from 16 to 33%, and lignin fraction of 17–27%.
Although lignin content of 10% of the raw material (Table 1)
differs from studies here cited, it must be recalled that com-
position of certain biomass of certain region is different to the
one of any other regions [40].

In Table 1, it can be observed that pretreatment caused an
increase of cellulose composition but a reduction of hemicel-
lulose from 27% to 12% for both cases; indeed, the loss of
hemicellulose has been reported in other works using an alka-
line pretreatment [41]. NaOH provides an increase of cellulose
content in 35% with respect to Ca(OH)2, 78% in comparison
with 43%, respectively, and according to hemicellulose con-
tent, both NaOH and Ca(OH)2 had a reduction effect of 50%.
The reduction in the cellulose content of the biomass
pretreated with Ca(OH)2 could concern to the presence of
calcium residues belonging to the biomass extractives [42,
43].

Holocellulose fractions by using NaOH and Ca(OH)2 were
90% and 56%, respectively. Arni [39] and Ho et al. [44] pre-
sented several studies in which the cellulose after pretreatment
is over 70%, even up to 83%. Luo et al. [45] reached 82% and
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83% of cellulose and holocellulose of 85% and 86% in poplar
and birch, respectively. Also Shimizu et al. [46] reported cel-
lulose fractions over 70% by using different concentrations of
alkali reagent in alkaline and peroxide pretreatments on ba-
nana pseudostem, reaching more than 80% in holocellulose
content. Goldbeck et al. [47] reached a holocellulose content
of 95% using acid-H2O2 on sugarcane bagasse.

The delignification process was effective (Table 1): lignin
content decayed from 10% in RSB down to 3% and 4% in
KSB and CSB, respectively; this means 70% and 60% of
lignin removal, respectively. It is worthy to recall that this
delignification efficiency was performed at low concentration
of H2O2, in order of 2% v/v; meanwhile in the literature, it is
pointed out the need of a high H2O2 concentration, such as in
Rego et al. [48], where H2O2 was optimized in a concentration
of 7.5% v/v for AHP of sugarcane bagasse, yielding 75% of
lignin removal. Generally, for enzymatic hydrolysis process, it
is considered that a delignification efficiency between 20%
and 65% is sufficient to increase the accessibility of cellulose
in pretreated lignocellulosic biomass to enzyme complex [49].

In general, NaOH exhibited a higher efficiency in increas-
ing the cellulose content than Ca(OH)2; meanwhile the effects
in hemicellulose and lignin fractions were similar.

3.2 Effective process conditions of enzymatic
hydrolysis

High-throughput screening techniques have the ability to
readily miniaturized the experiments [50] and offer several
opportunities for a more successful implementation to
macroscale such as costs for experimentation, more effi-
cient workflows, and savings in time [51] as it is evidenced
in this study into determining that time reaction of 1 h
allows a performance of around 70% according to the total
yield that can be achieved in longer time [33, 52].

The effective process conditions of enzymatic hydroly-
sis for both enzyme-substrate systems KSB-CTec3 and
CSB-CTec3 and the yield reached are given in Table 2.
Considering that each enzyme-substrate system has its
own optimal process conditions in the enzymatic hydroly-
sis process on lignocellulosic biomass [33], using the qua-
dratic model (1), it can be observed that for both enzyme-
substrate systems, the effective process conditions are dif-
ferent to reach the highest performance in 1 h of reaction; it
means that both enzyme-substrate systems have their own
set of parameters.

Table 2 Effective process conditions for both enzyme-substrate
systems

System
Substrate-enzyme

EC
(μL-g)

T (°C) pH Yield
(% g/g)

SD (%)

CTec3-KSB 468.7 45 4.6 69.7 5.4

CTec3-CSB 468.7 55 4.0 25.6 4.2

Fig. 1 General scheme carried out for bioethanol production

Table 1 Chemical composition of the substrates before and after the
pretreatment

Substrate Component (% w/w on dry solids basis)

Cellulose Hemicellulose Lignin

RSB 54.2 ± 2.2 27.9 ± 3.6 10.3 ± 0.1

KSB 78.6 ± 0.7 12.1 ± 0.1 3.2 ± 1.2

CSB 43.5 ± 0.9 12.9 ± 1.4 4.6 ± 0.4
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The quadratic models obtained for KSB-CTec3 (2) and
CSB-CTec3 (3), from the response surface methodology, are
the following:

YKSB ¼ 58:78þ 15:70*E–9:91*T þ 4:82*pH–3:77*E2

þ 12:09*T2–13:42*pH2 þ 3:57*E*T

þ 0:02*E*pH–0:79*T*pH ð2Þ
YCSB ¼ 12:44þ 3:771*E þ 1:279*T−5:108*pH

þ0:283*E2 þ 2:420*T2

þ1:620*pH2–1:985*E*T–1:901*E*pH–3:338*T*pH

ð3Þ

Table 2 shows that optimal E is the same for both enzyme-
substrate systems; however, T and pH do not; pH is signifi-
cantly higher by 0.6 units in KSB-CTec3 than in CSB-CTec3,
and likewise T is significantly lower by 10 °C

It is worthy to notice that although the value of E is the
same for both enzyme-substrate systems, which was the
highest amount used, the yield of KSB is 40% higher than
the obtained with CSB. In this sense, it seems that NaOH will
enable a better performance of enzyme complex than
Ca(OH)2.

3.3 Pretreatment effectiveness in enzymatic
hydrolysis

Figure 2 shows the trajectories of yields according to glucose
concentration with respect to cellulose concentration (G/C),
reducing sugar concentration with respect to KSB concentra-
tion (RS/KSB), and reducing sugar concentration with respect
to holocellulose concentration (RS/Ho); the yields at the end
point were 63.5 ± 5.1, 73.3 ± 2.7, and 80.8 ± 2.9, respectively.
According to the chemical composition of KSB, the maxi-
mum yield that could be achieved regarding reducing sugars
with respect to holocellulose content is 90%. In terms of con-

centration, the values achieved for reducing sugars and glu-
cose were 36.8 and 27.3 g/L, respectively. For instance, de
Godoy et al. [53] worked with enzymatic hydrolysis of sug-
arcane bagasse pretreated hydrothermally in batch reactor and
5% w/v of solids, reaching a slightly lower glucose concentra-
tion of 23 g/L.

In Fig. 2, it can be observed after 5 h that the curves of RS/
KSB and RS/Ho increase a little, meaning that conversion of
hemicellulose to reducing sugars, as xylose, has not ended;
however, this reducing sugar increase is not considerable with
respect to glucose. Figure 3 shows the trajectories of the yields
of the enzymatic hydrolysis experiments with CSB. The
yields in the end points of G/C, RS/CSB, and RS/Ho, at 8 h
of reaction time, were 45.7 ± 0.5, 29.7 ± 1.1, and 50.9 ± 2.0,
respectively. In terms of concentration, the values achieved for
reducing sugars and glucose were 15.83 and 11.36 g/L,
respectively.

In comparison with KSB, according to holocellulose con-
tent, the yields were lower by 30%. To enhance the glucose
concentration using Ca(OH)2, it is necessary to increase the
cellulose content after pretreatment; Table 2 shows that cellu-
lose of CSB decreased 11% in comparison with RSB; this
result is also noted in Jiang et al. [22] within the use of AHP
pretreatment with Ca(OH)2 at concentrations of 1–5% v/v on
giant reed biomass, but Ca(OH)2 with concentrations loading
of 7–20% can achieve higher cellulose content.

In Fig. 3, it is observed that CSB experiments were longer
than those in which the KSB was used. Final samples were
taken at 18 and 20 h of reaction time to see if the performance
was still increasing because at 8 h of processing time the
performance of the reaction seemed low; however, the exper-
iments had already reached their maximum performance with
values of reducing sugars and glucose concentrations of 18.63
and 11.57 g/L, respectively.

The outcomes of the enzymatic hydrolysis experiments of
KSB and CSBmade evident the improvement that comes with
the use of NaOH as an alkaline reagent. KSB not only resulted
in a higher yield (around 30%); also its experiments were

Fig. 3 Yield trajectories of the enzymatic hydrolysis by using CSBFig. 2 Yield trajectories of the enzymatic hydrolysis by using KSB
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performed at a lower temperature, by 10 °C less (Table 2),
which in turn implies a lower processing thermal energy.
Although in literature Ca(OH)2 is proposed as a reliable alkali
alternative due to its lower cost than NaOH [18, 54], the ther-
mal requirement would not be enough to support the use of
Ca(OH)2 instead of NaOH.

With the use of NaOH during pretreatment, higher
holocellulose (cellulose plus hemicellulose) amount is obtain-
ed, and thus higher sugar concentration may be produced.
Besides, the use of Ca(OH)2 leaves a large amount of salts
that have not be completely washed. The calcium residues
may have negatively influence in the enzymatic complex ac-
cessibility in the biomass obtaining a low concentration of
sugars during enzymatic hydrolysis [42, 43].

Table 3 gives an overview of the amount of solid biomass
inputs and outputs in pretreatment and enzymatic hydrolysis
and components. The initial amount of CSB was 60 g (dry
basis) for pretreatment, and the initial one for enzymatic hy-
drolysis of both substrates was 25 g (dry basis). It is worthy to
highlight that in enzymatic hydrolysis experiments with KSB,
the converted amount of holocellulose was 21.4 g and, mean-
while with CSB, was 10 g; it means that these converted
amounts to reducing sugars are according to the reducing
sugars obtained in the experiments, 36.8 and 18.6 g/L, respec-
tively. Besides, after the enzymatic hydrolysis experiments,
KSB kept a lower cellulose content, 1.1 g in comparison with
the 3.6 by using CSB.

Table 3 shows the increasing of solids in the CSB up to
60.6 g due to the calcium salts that are part of the extractive
content [42, 43]. For KSB, the cellulose content changed from
32.5 g of RSB to 29.0 g of KSB because AHP can also remove
a small fraction of cellulose; the same effect occurs with CSB,
but in this case, the cellulose changed from 32.5 g of RSB to
26.3 g of CSB, evidence that Ca(OH)2 was more aggressive
with cellulose regions removing a little more cellulose
fraction.

After enzymatic hydrolysis, the hydrolysates were filtered
through a commercial cloth mesh to remove solids (around
70% in less than 1 minute). Removing solids through a typical

method like filtration with filter paper and vacuum is nonprac-
tical because the filter paper is quickly clogged and the power
of the vacuum pump quickly breaks the filter paper. Another
method to remove the solids is centrifugation, which is rec-
ommended when volume is low (e.g., 0.5 L); however, it does
not guarantee the removal of small particles. On this matter, it
is worthy to mention that in the open literature, they are not
addressed the removal and the effect of remaining solids in
hydrolysates for fermentation.

Another relevant matter comes from the low concentration
of reducing sugars in hydrolysates due to the low substrate
load in enzymatic hydrolysis (5% w/v) to avoid mixing prob-
lems, resulting in a low ethanol concentration in fermentation
broths. In this work, it is explored the evaporation of hydro-
lysates to increase the reducing sugars concentration for
fermentation.

3.4 Fermentation of hydrolysates

3.4.1 Fermentation of KSB hydrolysates

The yeast cells obtained from the pre-inoculum with hydroly-
sate KSB are used for fermentation process.

Table 4 shows and compares the achieved values of glu-
cose and ethanol, maximum number of cells, and yield of the
four hydrolysates proposed for fermentation.

With respect to the cells achieved, every experiment
starting with a cell amount around 2 × 107 cells/mL, it can
be observed that pre-concentrated hydrolysates enabled a
greater cell growth than the non-pre-concentrated ones.

According to initial glucose, the hydrolysate broths that
were pre-concentrated began from 78 g/L of glucose, while
the hydrolysate broths that were not pre-concentrated did so
from 37 and 40 g/L. Thus, Table 4 showed that there is not
negative effect in fermentation process regardless if 78 g/L or
37 g/L of glucose concentration is used for the conversion. It
means there was no limitation to reach the maximum theoret-
ical yield in all the fermentation experiment reported in
Table 4, even when the ethanol production is increasing up

Table 3 Solid biomass inputs and outputs in pretreatment and enzymatic hydrolysis

Component Pretreatment Enzymatic hydrolysis

RSB KSB CSB KSB CSB

In (g) Out (g) SD (%) Out (g) SD (%) In (g) Out (g) SD (%) In (g) Out (g) SD (%)

Extractives 4.6 2.2 0.3 23.7 2.5 1.5 2.4 0.5 9.8 2.5 0.1

Hemicellulose 16.7 4.5 0.7 7.8 0.8 3.0 0.2 0.1 3.2 0.5 0.1

Cellulose 32.5 29.0 4.3 26.3 2.7 19.7 1.1 0.2 10.9 3.6 0.2

Lignin 6.2 1.2 0.2 2.8 0.3 0.8 0.2 0.1 1.1 0.5 0.1

Total 60 36.9 5.5 60.6 6.3 25.0 3.9 0.9 25.0 7.1 0.5

1903Biomass Conv. Bioref. (2021) 11:1897–1907



to 40 g/L. The glucose consumption coincides with the etha-
nol production, since it can be noticed in Table 4 that the
production of ethanol reached the maximum theoretical yield
of 95%.

Although the yields in the four scenarios proposed are sim-
ilar, the scenarios using the hydrolysate mediums with the
remaining lignocellulosic material coming from the enzymatic
hydrolysis are slightly higher.

3.4.2 Fermentation of CSB hydrolysates

Table 4 shows the outcomes for the four scenarios proposed in
the fermentation of hydrolysates of CSB.

Concerning to number of cells achieved, with a concentra-
tion that starts around 2 × 107 cells/mL, the maximum number
of cells reached an approximate concentration of 8.7 × 107

cells/mL for the four scenarios. In the line of initial glucose,
the hydrolysate broths that were pre-concentrated began from
25 and 29 g/L of glucose, while the hydrolysate broths that
were not pre-concentrated did so from 12 and 15 g/L. The
yields of ethanol are similar for the four scenarios, but it is
worthy to take into account that the experiments with solids
reach the maximum theoretical yield of 95%.

The highest ethanol concentration in the fermentation ex-
periments was obtained using the hydrolysate of KSB instead
of using the one of CSB, this is basically because the glucose
concentration in KSB hydrolysate is greater than in CSB, even
in pre-concentrated hydrolysates. These results evidence that
the pretreatment step can be considered as a major limiting
factor for a high bioethanol production, since it affects the
performance in fermentable sugar production and crude fer-
mentation broth [55].With respect to the KSB hydrolysate, the
maximum ethanol concentration reached was 39 g/L and for
the CSB hydrolysate was 15 g/L; KSB ethanol concentration
is similar to the one obtained in Huang et al. [49], an ethanol
concentration of 42 g/L by using Moso bamboo residues, and
also in comparison with Saha et al. [56], who obtained an
ethanol concentration of 43 g/L from sugarcane bagasse by
usingmembrane-integrated bioreactor, and significantly lower
ethanol concentration of 18 g/L in batch reactor operation.

However, for both, the ethanol yields reached the maximum
theoretical of 95% being consistent in the four sceneries pro-
posed. This indicates that wild-type strain Saccharomyces
cerevisiae AR5 had enormous potential for acclimation to
the different hydrolysates to which the yeast was subjected
and does not need an adaptively yeast propagation; i.e., 50%
hydrolysate plus 50% YPD medium, during the previous cell
growth, as Zhang et al. [57] suggested.

The conversion of glucose to ethanol almost reached the
maximum theoretical yield of 95%, meaning that the likely
toxic by-products did not affect the fermentation process, as
expected since AHP produce minimal inhibitory compounds
[9, 58, 59].

It indicates that the fermentation process with lignocellu-
losic material can be carried out with remaining lignocellulos-
ic material from enzymatic hydrolysis process and the pre-
concentration method represents a good strategy to achieve
the ethanol concentration pointed out of 40 g/L of ethanol
from the enzymatic hydrolysis process at low solids of 5%
w/v.

It is worthy to comment that pre-concentration of hydroly-
sates broths is a reported practice that likely brings an eco-
nomic gain with itself by enhancing the ethanol concentration
in fermentation broths.

3.5 Balance of the ethanol production

Figure 4 shows the balance of the RSB entering the pretreat-
ment process and the concentration of ethanol obtained in the
proposed scenarios. The yields of ethanol production of KSB
and CSB according the 60 g of RSB are 15.7% and 10.3%,
respectively, and accordingly the cellulose content in those
60 g of RSB are 28.9% and 19.1%, respectively. Highest
conversion of 28.9% is according to studies in literature such
as Kumar et al. [27], who reached 32% of ethanol conversion
through conventional fermentation.

On the other hand, the bioethanol mass obtained from fer-
mentations of KSB and CSB hydrolysates are 9.4 and 6.2 g,
respectively. The ratio of highest bioethanol mass is similar to

Table 4 Performance of fermentations in the different scenarios

Fermentation scenario KSB hydrolysate broth CSB hydrolysate broth

Solids Solids and
pre-concentrated

No solids No solids and
pre-concentrated

Solids Solids and
pre-concentrated

No solids No solids and
pre-concentrated

Total cells achieved
(1 × 107/mL)

6.7 ± 0.4 7.8 ± 0.5 6.7 ± 0.2 7.3 ± 0.2 8.5 ± 0.2 8.6 ± 0.2 8.7 ± 0.4 8.6 ± 0.7

Initial glucose (g/L) 37.2 78.6 40.0 78.4 12.5 25.4 15.7 29.8

Ethanol achieved (g/L) 18.9 ± 0.7 39.7 ± 0.2 20.3 ± 0.1 37.5 ± 0.4 6.4 ± 0.1 12.9 ± 0.3 8.0 ± 0.1 15.1 ± 0.3

Remnant glucose (g/L) 0.2 0.9 0.2 4.0 0.1 0.2 0.1 0.2

Ethanol yield (% g/g) 94.2 ± 1.1 95.0 ± 2.0 95.0 ± 0.7 93.9 ± 1.1 95.0 ± 0.4 95.0 ± 0.9 93.1 ± 0.3 94.7 ± 1.0
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the one obtained by Huang et al. [49], who achieved 201 g of
ethanol from 1000 g of bamboo residues.

4 Conclusions

In this work, it was compared and evidenced a greater effec-
tiveness of NaOH over the Ca(OH)2 in the AHP pretreatment
of sugarcane bagasse. NaOH could yield more cellulose con-
tent up to 78%, which resulted in a higher glucose concentra-
tion and therefore a higher concentration of ethanol as well.

On the other hand, the effective process conditions for en-
zymatic hydrolysis of KSB showed that a temperature of
45 °C is necessary to perform the process; meanwhile, the
temperature for enzymatic hydrolysis of CSB was 55 °C. In
addition, in fermentation process, it is not necessary to remove
the residues from the enzymatic hydrolysis process to reach
the maximum theoretical ethanol yield. Pre-concentration ap-
proach was effective since it was possible to reach an ethanol
concentration of 39 g/L coming from an enzymatic hydrolysis
process at low solids.

Finally, according to the 60 g of raw sugarcane bagasse that
enter to the pretreatment step, the bioethanol yields of KSB
and CSB were 15.7% and 10.3%, respectively, given at max-
imum bioethanol mass of 9.4 g.
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