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This work aims to evaluate second-generation bioethanol production from
the soda-ethanol pulp of pine sawdust via two strategies: separate
hydrolysis and fermentation and simultaneous saccharification and
fermentation. A kinetics study of the enzymatic hydrolysis of separate
hydrolysis and fermentation was included as a design tool. Three soda-
ethanol pulps (with different chemical compositions), Cellic® Ctec2
cellulolytic enzymes, and Saccharomyces cerevisiae IMR 1181 (SC 1181)
yeast were employed. The obtained kinetic parameters were as follows:
an apparent constant (k) of 11.4 h't, which represents the link frequency
between cellulose and cellulase; a Michaelis-Menten apparent constant
(Km) of 23.5 gL, that indicates the cellulose/cellulase affinity; and the
apparent constant of inhibition between cellulose-glucose and cellulase
(K1), which was 2.9 gL?, 3.1 gL, and 6.6 gL* for pulps 1, 2, and 3,
respectively. The kinetic model was applicable, since the calculated
glucose values fit the experimental values. High bioethanol yields were
obtained for pulp 3 in the separate hydrolysis and fermentation and
simultaneous saccharification and fermentation processes (89.3% and
100% after 13 h and 72 h, respectively).
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INTRODUCTION

There is a worldwide movement to replace fossil fuels with renewable energy
sources due to their negative impact, primarily their greenhouse gas emissions. Therefore,
new alternatives for the production of biofuels are sought, due to their numerous
advantages, e.g., sustainability, reduction of gases contributing to climate change, and the
possibility of improving social-regional systems, among others (Hahn-Hagerdal et al.
2006; Posen et al. 2014). In recent years, large quantities of 1G (first generation) bioethanol
have been produced from sugarcane and corn, generating the food-versus-fuel debate (Chu
et al. 2012). Meanwhile, lignocellulosic sawdust and shavings represent an abundant and
low-cost source that is not fully exploited. In this sense, biorefineries can provide a
solution for their final disposal (Rodriguez et al. 2017). In the frame of a biorefinery,
second-generation bioethanol can be used as fuel (Clauser et al. 2021) or to obtain
bioethylene and biopolythylene (Mendieta et al. 2019, 2021), while high-value products
can be obtained from other fractions.

The primary economic activity of the northwest region of Argentina (NEA) is the
forest industry, which contributes to large amounts of waste generation (Brodin et al.
2017). In particular, the sawdust from slash and loblolly pines is one of the chief residues
produced by the wood industry in the NEA region, generating approximately 212 million
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tons of this wood waste in 2018 (Laharrague 2018).

Cellulose is the most abundant organic component of lignocellulosic biomass. It is
also a virtually inexhaustible source of renewable bioenergy (Alzate and Toro 2006). Thus,
the hydrolysis of cellulose has gained considerable interest in the past decades because it
can provide glucose, which serves as a raw material for bioethanol and other chemical
products (Yang et al. 2011). In addition, the acid-catalyzed hydrolysis process is faster and
more effective than the enzymatic one. However, enzymatic hydrolysis is preferred for
bioethanol production because it offers a bioconversion process under milder operating
conditions (Hou et al. 2019).

Due to its high selectivity and efficiency, biochemical conversion is the usual
technique for producing bioethanol from lignocellulosic materials (Vallejos et al. 2017).
Biomass pretreatment is required in 2G bioethanol production to reduce the lignin content,
which inhibits the access of enzymes to the material (Vallejos et al. 2017). Besides, it
releases the cellulose present in the lignin-carbohydrate matrix, which facilitates
depolymerization of the carbohydrates to produce simple sugars via enzymatic hydrolysis
and glucose fermentation to bioethanol (Zhu et al. 2011).

The pretreatment is selected according to the physical and chemical characteristics
of the raw material. Organosolv pretreatments have been especially studied for pine
because most lignin and hemicelluloses are dissolved in the process, facilitating biomass
fractionation (Sannigrahi et al. 2010). Soda-ethanol pretreatment improves the hydrolysis
performance, since alkali is one of the most effective agents for biomass swelling
(Kruyeniski et al. 2019). Extracting the highest lignin amount possible and opening the
pores of the fibers increases the accessibility of the enzymes in the remaining components
for the subsequent processing steps (Araque et al. 2008; Yu et al. 2011). In addition, their
extraction increases the surface area, which facilitates the accessibility of enzymes and
improves the enzymatic conversion (Area and Vallejos 2012; Das et al. 2019).

Enzymatic hydrolysis follows the pretreatment. It is a catalytic process in which
enzymes act synergistically to produce glucose monomers by bond cleavage between
polysaccharides (Taherzadeh and Karimi 2007). It is carried out under mild conditions
(generally at a pH of 4.5 to 5.0 and at temperatures between 40 to 50 °C) (Chang and
Holtzapple 2000; Yang and Fang 2015).

The kinetic model of enzymatic hydrolysis plays a relevant role in describing the
performance and attributes of the process and can easily be used to control and predict the
results (Cekmecelioglu and Uncu 2013). In addition, a kinetic model for the bioconversion
process that appropriately describes the enzymatic reaction is essential for the reactor
design (Yang and Fang 2015). The Michaelis—Menten model is one of the best-known
approaches to enzyme kinetics in biochemistry (Tomczak and Weglarz-Tomczak 2019).
Its equation is valuable because it provides a tool for understanding enzymatic reactions
(Roskoski 2015). Furthermore, setting the kinetic reaction velocity is necessary to obtain
the fundamental parameters that describe the model (Li et al. 2004).

Following the saccharification, fermentation with yeasts is traditionally performed
with Saccharomyces cerevisiae. It is the most used microorganism in industrial
fermentation due to its capability for efficiently fermenting glucose to bioethanol. This
yeast is considered a GRAS (generally recognized as safe) and an effective microorganism
because of its high productivity, tolerance to ethanol, workable acidic pH range, and
temperature range, between 25 and 35 °C (Olsson and Hahn-Hégerdal 1996).

The usual strategies are separate hydrolysis and fermentation (SHF) and
simultaneous saccharification and fermentation (SSF) (Balat 2011). In the first method,
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both stages are carried out separately under their optimum conditions. Such an approach
has the disadvantage of generating inhibition products, e.g., glucose for hydrolysis and
ethanol for fermentation (Araque et al. 2008). In the simultaneous process, both hydrolysis
and fermentation are carried out in a single reactor. Its primary advantage is that the glucose
produced during hydrolysis is immediately consumed by the yeasts, avoiding sugar
accumulation, and reducing possible bacterial contamination (Area and Vallejos 2012). In
addition, the cost is reduced due to the use of a single reactor, making the processing more
efficient (Arismendy et al. 2018).

This work aims to evaluate second-generation (2G) bioethanol production using
both fermentation strategies, i.e., separate hydrolysis and fermentation (SHF) and
simultaneous hydrolysis and fermentation (SSF), with soda-ethanol pine sawdust pulps,
including a kinetics study of the enzymatic hydrolysis in SHF as a design tool. In addition,
this study offers tools for deciding which process to use according to the available
equipment.

EXPERIMENTAL

Materials and Methods

The industrial sawdust mix of Pinus elliottii and Pinus taeda was provided by a
sawmill in Misiones, Argentina.

The soda-ethanol pretreatment was selected considering the physical and chemical
characteristics of the raw material to extract the lignin and hemicelluloses. The conditions
were chosen based on preliminary results to obtain pulps with different lignin contents.
Three soda-ethanol pulps with different chemical compositions were used to assess the
suitability of the applied treatments and the kinetic model.

The operating conditions of the soda-ethanol pretreatment were as follows: a liquor-
to-wood ratio (L:W) of 5.44:1, a maximum temperature of 170 °C, a time-to-maximum
temperature of 60 min, and the EtOH:H20O ratio (35% to 65% v/v) was constant in all cases.
The variable conditions, the NaOH (% w/w) and time, were as follows: 19.0% w/w and 60
min for experiment 1 (pulp 1); 19% w/w and 100 min for experiment 2 (pulp 2), and 23.3%
w/w and 140 min for experiment 3 (pulp 3).

Cellic® CTec2 commercial enzymes provided by Novozymes were used for the
enzymatic hydrolysis. The strains of Saccharomyces cerevisiae IMR 1181 (SC 1181)
applied during the fermentation process were donated by a research center, the Institute of
Modeling and Technological Innovation IMIT (UTN-CONICET), Resistencia, Argentina.

Characterization of the Substrate and Hydrolysates

Sawdust’s chemical composition was determined in previous work (Imlauer et al.
2021). Pine sawdust and pulps (substrate) were characterized according to NREL (National
Renewable Energy Laboratory) standards, including total solid and moisture (NREL/TP-
510-42621) (Sluiter et al. 2008), and structural carbohydrates, and lignin (NREL/TP-510-
42618) (Sluiter et al. 2004). HPLC with a SHODEX SP810 column was used to determine
the carbohydrates content (glucan, xylan, mannan, galactan, and arabinan) in the pretreated
material. The operational conditions used were water as eluent, 0.6 mL/min, 85 °C, and
refractive index detector.

The quantification of the homopolymers, i.e., glucans, xylans, galactans, mannans,
and arabinans in the solid portion was carried out by multiplying sugars by the

Mendieta et al. (2021). “Pine hydrolysis, fermentation,” BioResources 16(4), 7474-7491. 7476



PEER-REVIEWED ARTICLE b | oresources.com

stoichiometric factors of hydrolysis, i.e., 0.88 (132/150) for sugars with five carbons
(xylose and arabinose) and 0.90 (162/180) for sugars with six carbons (glucose, mannose,
and galactose).

The quantification of glucose, total sugars, and bioethanol was carried out via
HPLC liquid chromatography (Waters Corp., Milford, MA), using an AMINEX-HPX97H
column (BIO-RAD) with the following chromatographic conditions: an eluent of 4 mM of
H2S0s, a flow of 0.6 mL/min, a temperature of 35 °C, and a refractive index detector and
diode array.

Enzymatic Hydrolysis
Separate hydrolysis and fermentation (SHF) strategy

The cellulase activity was determined in terms of "filter paper units" (FPU)
according to the NREL/TP-510-42628 standard (Adney and Baker 2008) and by pB-
glucosidase (EC 3.2.1.21), according to its ability to hydrolyze 4-nitrophenyl B-D-
glucopyranoside (p-NPG) to 4-nitrophenol (p-NP). This method consists of adding 0.5 mL
of different enzymes concentrations to 2 mL of a 1 mmol/L p-NPG solution, incubating for
30 min at a temperature of 50 °C, and then stopping the reaction with 2.5 mL of Na2COs.
Finally, the absorbance was measured at 400 nm and expressed in IU (international unit)
(Matsuura et al. 1995).

The solid material was subjected to saccharification with Cellic® CTec2 enzymes
(provided by Novozymes) according to NREL-LAP standards (NREL/TP-510-42629)
(Resch et al. 2015). The method was modified, changing the enzymatic load to 30 FPUg-
1 of glucans and adding 0.3 gL-1 of the surfactant Tween 80 to improve the efficiency of
the process (Pabon et al. 2020). The enzymatic hydrolysis conditions taken from
Arismendy et al. (2019) involved 1% hydrolyzable cellulose (dry matter) suspended in 50
mL of 0.05 M sodium citrate (a pH of 5) and 40 mL of distilled water, at 130 rpm and a
temperature of 37 °C, in a 200 mL Erlenmeyer flask. Samples were taken between 3 h and
9 h for 48 h. The experiments were performed in duplicate.

The hydrolysis yield (digestibility) was calculated according to Eq. 1,

glucose (g)*0.9

EH yield (%) = * 100 Q)

glucans in the material (g)

where EH vyield (%) is the enzymatic hydrolysis yield (digestibility), 0.9 is the
stoichiometric factor, and the glucans correspond to the original amount in the material.

Kinetic study

This work used a simplified kinetic model proposed by Li et al. (2004), considering
a pseudo-homogeneous Michaelis-Menten model. A simplified scheme of the reaction
mechanism is shown in Fig. 1.

EG/CB ) ) BG
Cellulose (S) ——> Oligosaccharide (O) ——> Glucose (G)

Fig. 1. Scheme of the reaction mechanism of the obtaining of glucose from cellulose

The reaction mechanism first comprises a heterogeneous reaction involving the
insoluble substrate (S) and the enzymatic solution to produce soluble oligosaccharides (O).
In this stage, which is considered as governing the overall reaction rate, the endoglucanases
(EG) act synergistically by hydrolyzing the B-(1,4) glycosidic bonds, which results in
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generating non-reducing chain ends, and the cellobiohydrolases (CBH) hydrolyze
cellobiose, which act on non-reducing ends. The second step, which is much faster than
the first one, is a homogeneous reaction of the oligosaccharides to obtain glucose (G). In
this hydrolysis process, primarily catalyzed by p-glucosidase (BG), the formed
oligosaccharides produce cellobiose. The sum of the oligosaccharides and glucose
reactions generates products that inhibit the cellulase enzymes. If one makes the
simplifying assumption that this is the only inhibitory effect, then the simplified reaction
scheme is reduced to the following (as shown in Fig. 2).

EG/CBH/BG

7z

Fig. 2. Simplified reaction scheme of the obtaining of total sugars from cellulose

The pseudo-homogeneous model to determine the rate of total sugar (T) production
over time corresponds to the difference between the maximum amount produced during
the reaction (T-) and the amount present at time t. The rate of glucose production over time
is evaluated through this model, replacing the term T with G in the equation proposed by
Li et al. (2004), as shown in Eq. 2,

dG _ KEo(Goo—G)
de KM*[1+(KiI)T]+0,9(G°°—G)

)

where G- is the maximum glucose value reached during the reaction (gL™), 0.9 is a
stoichiometric factor (relationship between the molecular weight of a unit of glucose in
cellulose and the molecular weight of glucose), k is an apparent constant representing the
link frequency between cellulose and cellulases (h), Km is a Michaelis-Menten apparent
constant representing the affinity between cellulose and cellulases (gL™), Ki is the apparent
constant of inhibition between cellulose-glucose and cellulases (gL™?), and Eo is initial
enzyme concentration (gL™).

For a given cellulase system, the k values could depend on the properties of the
substrate because of the contact efficiency between the insoluble substrate and the
cellulases solution. It also could be a function of the various operating conditions, e.g., the
reactor type and size, mixing, and substrate concentration. It was also suggested that the
values of G« could depend on the same variables as above and that Km and K, are
independent of the operating variables. Therefore, these values change when changing the
enzyme or the substrate, and the whole procedure must be repeated (Albernas-Carvajal et
al. 2015).

Fermentation
Separate hydrolysis and fermentation (SHF) strategy

The fermentation with yeast (Saccharomyces cerevisiae IMR 1181 (SC 1181)) was
performed following the NREL-LAP standards (NREL/TP-510-42630) (Dowe and
McMillan 2008), by adjusting the proportion of YPD (yeast Extract-Peptone-Dextrose)
medium and micronutrients to improve the fermentative activity of the yeast in the process.
The YPD medium was prepared in a 200 mL Erlenmeyer flask, with 10 gL of yeast extract
and 20 gL of peptone as well as 20 gL* of dextrose, 0.605 gLt of phosphate, 0.16 gL
of chloride of ammonium, 0.10 gL of magnesium sulfate, and distilled water for a total
volume of 100 mL. It was sterilized in an autoclave at 121 °C for 30 min. A pre-inoculum
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was performed to increase the cell growth, adding 20 mL of the YPD medium and the yeast
to a 70 mL Erlenmeyer flask and letting the culture in a thermal bath at 37 °C at 180 rpm
until a constant cell amount was obtained, measured by optical density. Finally, the YPD
medium was completely inoculated for 24 h in a thermal bath under the same conditions.

For the fermentation experiments, 90 mL of the hydrolyzed sugars, 10 mL of the
inoculum, 0.5 gL of yeast extract, and 1 gL' of peptone were added to 200 mL
Erlenmeyer flasks in a thermal bath stirred at 130 rpm. Air traps were used to prevent the
entry of oxygen into the system as well as allow the release of the CO2 produced by the
yeast. The experiments were performed in duplicate.

Simultaneous saccharification and fermentation (SSF) strategy

The solid material was subjected to fermentation with Saccharomyces cerevisiae
IMR 1181 (SC 1181) yeast according to NREL-LAP 510-42630 (Dowe and McMillan
2008). The SSF process was carried out in 200 mL Erlenmeyer flasks using 1%
hydrolyzable cellulose (percentage of dry matter) suspended in 50 mL of 0.05 M sodium
citrate (a pH of 5), 40 mL of distilled water, 10 mL of inoculum, 0.028 mL of surfactant,
30 FPUg? of Cellic® Ctec2 enzyme-substrate, 0.5 gL of yeast extract, and 1 gL of
peptone (a total of 100 mL), and using the same operating conditions as the SHF process.

For both strategies, the fermentation yield (Ye/r) was calculated as the efficiency of
fermentation (practical ethanol obtained against theoretical ethanol), and the bioethanol
productivity (Ppr) (gLh™?) was calculated as the relationship between the obtained ethanol
concentration divided by the time employed for hydrolysis and fermentation.

RESULTS AND DISCUSSION

Characterization of the Substrate

Sawdust chemical composition (% on oven-dry material) was 40.90% Glucans,
7.45% Xylans, 2.58% Galactans, 14.80% Mannans, 0.77% Arabinans, and 29.20% Lignin.

The composition of the soda-ethanol pulps is shown in Table 1. Depending on the
conditions, this treatment resulted in the extraction of a high amount of lignin (especially
in experiment 3), increasing the enzymes' access to the material. Results were similar to
those in Schenck et al. (2013), who used Nordic pine (Pinus sylvestris) pretreated under
similar conditions obtaining a low lignin content in the pulps after alkaline pretreatment
(1.6% to 4.1%).

Table 1. Chemical Composition of the Solid Fraction Obtained by the Soda-
Ethanol Pretreatment

Pulp | Glucans | Xylans | Galactans | Mannans | Lignin Delignification Pulp yield
(%0dm) | (Y%e0dm) (Y%o0dm) (%o0dm) | (%o0dm) (%) (%)
1 67.35 9.71 1.23 7.38 10.18 82.6 49.86
2 73.51 8.64 0.73 7.58 7.04 88.8 46.49
3 80.18 7.20 0.29 8.40 3.67 94.9 40.48
%odm: % on oven-dry material
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Enzymatic Hydrolysis
The yield of sugar via the separate hydrolysis and fermentation (SHF) strategy

Figure 3 shows the enzymatic hydrolysis yields and the equivalent glucose
concentration in the liquid (in the secondary axis) versus time. Contrasting this data with
the chemical composition of each pulp, the influence of the lignin content and glucans
content on the enzymatic hydrolysis yield was notable. Compared to pulp 1, pulp 3
presented the highest EH percentage in less time, obtaining 100% EH in 48 h, confirming
that the lignin content prejudices the access of the enzyme complex to the material and,
therefore, the digestibility of cellulose.
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Fig. 3. Enzymatic hydrolysis yields for the soda-ethanol pulps with three different chemical
compositions (pulp 1 being the one with the highest lignin content and the lowest glucan content)

These results are comparable with those obtained by Kruyeniski (2017), who
achieved an enzymatic hydrolysis yield of 91.1% using a mixture of Pinus elliottii and
Pinus taeda sawdust pretreated with soda-ethanol (50 g/L of NaOH, 35 to 65 ratio of
ethanol to water for 60 min at temperature of 170 °C). Kruyeniski (2017) used an enzymatic
complex of cellulases from Trichoderma reesei and cellobiase from Aspergillus niger (both
provided by Sigma Aldrich). In another work, the authors reported regression models
comparing the alkaline treatments and the acid treatments, concluding that pretreatments
that promote high lignin removal increase in the enzymatic hydrolysis yield (Kruyeniski et
al. 2019).

Parameters of the pseudo-homogeneous Michaelis-Menten model

Applying the methodology proposed by Li et al. (2004), the glucose values (gL™)
obtained in the enzymatic hydrolysis were plotted vs. the time (h) at 1% consistency as a
calculation basis (Fig. 3).

In the initial stage of the reaction (t — 0, G — 0), the total formed sugars can be
neglected so that Eq. 2 can be simplified, as shown in Eq. 3,
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(G )0= e ©)

Kp+0.9Goo

The initial rate (dG / dt).—o was determined as the mean production rate of glucose
during the initial reaction period up to 1.5 h. Following the methodology proposed by Li
et al. (2004), G- was determined for experiments 1, 2, and 3, which were 6.73 gL, 7.75
gL, and 9.51 gL, respectively, in 21 h. The graphical determination of k and Kwm is
presented in Fig. 4 for an initial enzyme concentration (Eo) of 0.476 gL ™.
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Fig. 4. Determination of Km and k

Finally, 1/ (dG / dt)i—o vs. 1 / G was plotted to obtain the slope and the intercept
to determine the values of Km and k, which were 23.5 gL and 11.4 h'%, respectively.

The Kwm value provides an idea of the affinity of the enzyme for cellulose. At a
lower Km (higher affinity), the enzyme-cellulose complex is stable. On the contrary, if the
Kwm is large, the enzyme-substrate complex is unstable, indicating a low affinity for the
substrate. The Kwm reported by Albernas-Carvajal et al. (2015), approximately 217.49 gL,
using the cellulolytic enzymes Novozymes Cellic® Ctec2 and p-glucosidase with code
NS50010 was much higher than the Km obtained in the present work (a Km of 23.5 gL),
which meant that the enzyme complex had a better affinity with the employed substrate.

For enzymatic reactions in general, Lehninger (1981) states that when [S] is much
less than Kwm (the value of [S] is 10 g/L of glucans in this work), the reaction rate is of the
first order concerning the substrate, which was assumed in the development of this model
and gives a measure of its adequacy.

To determine the K inhibition constant, Eq. 4 is integrated under the initial and
final conditions (G = Goatt=0and G = Grat t = t, respectively), obtaining Egs. 5 and 6,

t _ In[(Goo—Go)/(Goo—G) _
0.9(G-Go) p 0.9(G—Gp) Y (4)
where
— Km 1 Km
b= KEo K Goo + kEq ®)
_1EKm1 1
V= SokE K1 kE (6)
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For the three pulps, Ki was calculated through the nonlinear least-squares algorithm
(solver) utilizing the graphically determined parameters k and Kwm, until the lowest average
absolute error was achieved. The Ki values obtained for pulps 1, 2, and 3 were 2.9 gL, 3.1
gL?, and 6.6 gL, respectively. The agreement of the model to the experimental data is
presented in Fig. 5.

The resulting K\ is comparable with the value obtained by Albernas-Carvajal et al.
(2015), who obtained a K; of 32.64 gL' when employing a pseudo-homogeneous
Michaelis-Menten model for the enzymatic hydrolysis of pretreated bagasse. Li et al.
(2004) studied the enzymatic hydrolysis kinetics of various pulps treated with continuous
ultrasonic irradiation and Cellulase (Meicelase) from Trichoderma viride, obtaining a Ki
value of 0.704 gL™. This behavior demonstrated that the value of Ki was independent of
the operating variables but changed when the enzyme or the substrate was changed, so the
whole procedure must be repeated.

Compared with the constants found by Li et al. (2004) using NUKP (unbleached
kraft pulp from a coniferous tree), the reaction in this work was slow. The reason for this
is that the constant k is higher, and the Kiand Kwm are both lower, yielding a lower dG/dt.
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Fig. 5. Glucose concentration from the enzymatic hydrolysis of pulps 1, 2, and 3 (the
experimental data is represented by points and the theoretical predictions by lines)

The equilibrium constant K was defined to predict the total reducing sugars
concentration T from the modeled glucose data obtained for each pulp from the total
reducing sugars and glucose concentrations data, as shown in Eq. 7,

K=G/T-G (7
where K is the equilibrium constant, G is the glucose concentration (gL™), and T is the total
reducing sugars (gL™).

Rearranging the equation, K can be obtained from the slope of the experimental
data line of the total reducing sugars and glucose concentrations, as shown in Eq. 8,

GIT = K/(K+1) (8)
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Fig. 6. Determination of the equilibrium constant K
Table 2 shows a summary of the kinetic parameters obtained for the three pulps.

Table 2. Kinetic Parameters for the Saccharification and Lignin Content of the
Pulps

Pulps K (h?) Km(gL™?) Ki(gL™?) K Lignin (%o0dm)
1 114 23.5 2.9 6.8 10.18
2 114 23.5 3.1 7.8 7.04
3 114 23.5 6.6 9.8 3.67
Note: %o0dm is the % of oven-dry material

The insoluble lignin content in the pulp shows a significant negative correlation
with the inhibition constant Ki (R? = 0.801) and the equilibrium constant K (R? = 0.972).
Increasing the equilibrium constant and decreasing the lignin content implies a glucose
increase concerning the total reducing sugars for each hydrolysis time. Furthermore, this
agrees with the increase in the inhibition constant.

Fermentation
Bioethanol yield via the separate hydrolysis and fermentation (SHF) strategy

Pulp 3 was chosen for the SHF fermentation experiments due to its optimal
saccharification performance. A maximal bioethanol concentration (3.40 gL+ 0.21 gL™?)
was obtained at 1 3 h, which was extremely close to the theoretical bioethanol
concentration (Table 3). The achieved bioethanol yields are comparable with the results
obtained by Kruyeniski (2017) using Pinus elliottii sawdust pretreated with soda-AQ (at a
temperature of 170 °C for 140 minutes with 55.2 g/L of NaOH, 0.1% of AQ, and RLM
5/1) with Saccharomyces cerevisiae (ethanol yield of 84.1%). Cotana et al. (2014) also
reached yields between 80.8% and 96.1% via SHF using steam-exploded pine, employing
Cellic® Ctec2 and Saccharomyces cerevisiae. Bahmani et al. (2016) reported ethanol
yields of approximately 22.1% from the enzymatic hydrolysis of pine sawdust pretreated
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with an anaerobic digestion process. Tian et al. (2016) obtained a yield of 46.6% using
Pinus strobus L., pretreated with an organic electrolyte solution, via SHF, using Cellic®
Ctec2 and Saccharomyces cerevisiae.

Table 3. Bioethanol Yield via the Separate Hydrolysis and Fermentation (SHF)

Strategy Applied to Pulp 3

Time (h)
SHF Strategy 13 20 >4
Bioethanol concentration (gL™?) 3.40+0.21 3.23+0.17 3.23+0.21
CV (%) 6.3 5.3 6.4
Yeir (%) 89.3 84.8 84.8
Bioethanol productivity (gLt h'?) 0.26 0.16 0.13
Note: Glucose initial concentration is 7.46 (gL ); Theoretical bioethanol is 3.81 (gL); Yerr (%)
is the fermentation yield; and CV (%) is the coefficient of variation

Bioethanol yield via the simultaneous saccharification and fermentation (SSF) strategy

During the SSF process, the glucose released by the enzymatic complex during
hydrolysis is directly metabolized to ethanol by the yeasts, consuming glucose from the
medium, producing a decrease in the end-product inhibition, a total process time reduction,
and higher ethanol productivities (Mendes et al. 2020).

The results shown in Table 4 are comparable with those of Valenzuela et al. (2016),
who reached a bioethanol yield of 80.2% using radiata pine with an organosolv
pretreatment (using a 50% to 50% v/v ratio of ethanol to water, 1.1% w/w of H2SO4, at a
temperature of 189 °C for 8 min), using an SSF process under similar conditions and the
same microorganisms. Similarly, Araque et al. (2008) reached a 99.5% bioethanol yield
using the SSF strategy with radiata pine chips with an acetone-water organosolv
pretreatment (at a temperature of 195 °C for 5 min at a pH of 2.0 in an acetone:water ratio
of 1:1).

Table 4. Bioethanol Yields of Pulps 1, 2, and 3 via the Simultaneous
Saccharification and Fermentation (SSF) Strategy

Simultaneous Saccharification and Time (h)
Fermentation (SSF) 4 15 21 26 49 72
Theoretical bioethanol (gL™?) 5.68 5.68 5.68 5.68 5.68 5.68
.| 1.78% 2.84 + 3.60 4.27 + 5.08 + 525+
Ethanol produced from pulp 1 (@L7)) "515° | 930 | 040 | 001 | 030 | 0.24
Yerr (%) 31.30 49.90 63.40 75.20 89.40 92.50
Per (gL h) 0.44 0.19 0.18 0.16 0.10 0.07
Glucose equivalent (gL™) 3.48 5.56 7.05 8.36 9.94 10.27
1.78 = 3.26 3.54 + 4.46 = 4,99 + 5.65 %
-1
Ethanol produced from pulp 2 QL)) "507 | 935 | 019 | 011 | 013 | 017
Yerr (%) 31.40 57.40 62.40 78.50 87.90 99.50
Per (gL hY) 0.44 0.22 0.17 0.17 0.10 0.08
Glucose Equivalent (gL™) 3.48 6.38 6.93 8.73 9.77 11.06
1.79 % 450 4,70 = 4.82 5.62 5.68 =
-1
Ethanol produced from pulp 3 (9L)| "51" | 049 | 024 | 008 | 009 | 0.04
Yer (%) 31.50 79.20 82.80 84.80 98.90 100
Per (gLt hY) 0.45 0.30 0.23 0.19 0.12 0.08
Glucose equivalent (gL™) 3.50 8.81 9.20 9.43 | 11.00 | 11.12
Note: Yer (%) is the fermentation yield
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The ethanol yield of Pulp 3 was 100% + 0.7%, which was approximately 10%
greater than the ethanol yield obtained via the SHF strategy (89.3% * 0.8%), despite these
last experiments being carried out under optimal temperature and pH conditions for both
the enzymes and microorganisms. Concentrations at 72 h ranged from 5.25 t0 5.68 gL,
close to the theoretical concentrations, with yields of 92.5%, 99.5%, and 100% for pulps
1, 2, and 3, respectively.

To evaluate the performance of the enzymatic complex used in the SSF process,
because it works at a lower temperature (37 °C) than the optimum temperature of the
saccharification process (SAC), the model obtained for the SAC process was applied, using
the equivalent glucose parameter.

The equivalent glucose concentrations were calculated from the ethanol
concentration data (Table 4). Figure 7 presents the experimental and model data. Table 5
shows the experimental results and those predicted by the model after 48 h and 72 h of
treatment.
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Fig. 7. The glucose concentration from saccharification (the experimental data is represented by
points and the theoretical predictions by lines) Note: SAC is the saccharification process

Table 5. Experimental Glucose Equivalent for SSF and the Model Data of the
Glucose Concentration from Saccharification at 48 h and 72 h

1 48 (h) 48 (h) Error 72 (h) 72 (h) | Error

SSF Glucose (gL.7) Experimental Model (%) Experimental Model (%)
1 9.94 9.01 -9.40 10.27 9.25 | -10.00

2 9.77 10.28 5.30 11.06 10.60 | -4.10

3 11.00 11.02 0.20 11.12 11.12 | 0.00

Figure 7 shows that the model obtained for the SAC process can be used for the
SSF process, since it predicts the experimental data with a good fit. It also indicated that
under the studied conditions, the enzyme complex does not present a lower yield. The
errors obtained from applying this model, measured at 48 and 72 h, were less than 10%
(Table 5).
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Separate Hydrolysis and Fermentation (SHF) vs. Simultaneous
Saccharification and Fermentation (SSF)

The SHF strategy has several advantages. First, the hydrolysis and fermentation
processes can be carried out under optimal pH and temperature conditions, among others
(Robak and Balcerek 2018). In addition, saccharification at the optimum temperature
requires a lower enzymatic charge than the SSF process (Ishizaki and Hasumi 2014).
However, for the SHF strategy, the fermentation is accomplished in a liquid broth
facilitating the mass transfer and yeast recycling after fermentation (via filtration or
centrifugation) (Galbe et al. 2011).

Its disadvantages are an increase in contaminants and the product inhibition effect,
since the rate of hydrolysis limits cellulase activity because of the concentration of
generated sugars (Robak and Balcerek 2018). The used complex (Cellic® Ctec 2) has a
high proportion of B-glucosidase enzyme, ensuring the hydrolysis of cellobiose and small
oligosaccharides (Verdecia and Diaz 2008). The use of cellulolytic complexes with higher
B-glucosidase activities increases the hydrolysis yield because cellobiose inhibits the
cellulolytic complex more than glucose (Pabdn et al. 2020).

High gravity fermentation (VHG) is an alternative to optimize bioethanol
production when using the SHF strategy. High gravity fermentation is a highly
concentrated process in which yeast cells are exposed to high osmotic pressure at the
beginning of the fermentation process, caused by the high sugar concentrations and ethanol
accumulation. The ethanol accumulation, together with high levels of other toxic by-
products from the fermentation, becomes lethal to fermenting yeast cells, so the yeast
strains used must be carefully selected to overcome the different stresses imposed during
this process (Wang et al. 2007). Sugar cane molasses, starch, and lignocellulosic materials
can be used as substrates (Balat and Balat 2009; Mussatto et al. 2010). The primary
advantage of VHG technology is the production of a very high ethanol concentration
(generally greater than 15% v/v). This approach reduces the cost of the distillation stage,
which is considered one of the primary limitations in the bioethanol industry. It has been
reported that VHG (at 19%) reduces the steam consumption to less than 1 kg of steam per
kg of bioethanol. However, when combined with membrane separation (pervaporation of
25% of the fermenter broth), it achieves approximately 20% savings and considerably
reduces the risk of inhibition in the fermenter (Kang et al. 2014).

Nevertheless, the simultaneous process seems the most feasible and cost-effective
alternative to produce bioethanol because of the advantages in inhibitory products
reduction and a single reactor use for the whole process, thus limiting the investment costs
(Olofsson et al. 2008). Sugar monomers released during saccharification are immediately
fermented by the microorganisms, decreasing the risk of microbial contamination (Robak
and Balcerek 2018). In other words, the glucose is instantly fermented into bioethanol,
regardless of the optimum temperature and pH parameters for both the hydrolysis and
fermentation process (Wyman et al. 1992).

CONCLUSIONS

1. The type and conditions of the pretreatment applied to pine sawdust influenced the
enzymatic hydrolysis performance due to the reduction in lignin content, which
considerably improved the accessibility of the enzymes to the material, enhancing the
digestibility of the cellulose. The most delignified pulp (a lignin content of 3%)

Mendieta et al. (2021). “Pine hydrolysis, fermentation,” BioResources 16(4), 7474-7491. 7486



PEER-REVIEWED ARTICLE b | oresources.com

presented the highest enzymatic hydrolysis with a glucose production of 11.1 (gL™) in
48 h.

2. The applied kinetic model showed good agreement with the experimental data. The
Michaelis-Menten constant value for this substrate-enzyme complex was found to be
Kwm = 23.5 gL, which indicated that the enzyme complex had a good affinity with the
employed substrate. The inhibition constant (Ki) for pulp 1, 2, and 3 were 2.9 gL %, 3.1
gL?, and 6.6 gL, respectively, denoting the satisfactory performance of the used
enzyme complex to carry out the saccharification process.

3. High bioethanol yields were obtained in this work using the SSF strategy for this high
recalcitrant pine species pretreated via an organosolv-alkaline delignification
treatment. In addition, the used enzyme complex showed good performance in the SSF
process, despite using a lower temperature (37 °C) than optimal for the saccharification
process.

4. Using 30.0 FPUg™ of substrate and 1% hydrolyzable cellulose at a temperature of 37
°C, a pH of 5.0, the obtained average bioethanol concentrations via SSF were 92.5%,
99.5%, and 100% for pulps 1, 2, and 3, respectively.
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