Industrial Crops & Products 175 (2022) 114253

INDUSTRIAL

CROPS

Contents lists available at ScienceDirect

Industrial Crops & Products

journal homepage: www.elsevier.com/locate/indcrop

ELSEVIER

t.)

Check for

Co-production of bioethanol and xylosaccharides from steam-exploded ol
eucalyptus sawdust using high solid loads in enzymatic hydrolysis: Effect
of alkaline impregnation

Eloisa Rochén ™, Marfa Noel Cabrera ", Valentina Scutari ¢, Matfas Cagno ©,

Abigail Guibaud ¢, Santiago Martinez ©, Silvia Bothig ¢, Nikolai Guchin ¢, Mario Daniel Ferrari ?,
Claudia Lareo®

@ Departamento de Bioingenieria, Facultad de Ingenieria, Universidad de la Reptblica, 11300 Montevideo, Uruguay

b Grupo de Ingenieria de Procesos Forestales, Facultad de Ingenieria, Universidad de la Reptiblica, 11300 Montevideo, Uruguay

¢ Centro de Investigaciones en Biocombustibles 2G, ANCAP/Latitud — Fundacién LATU, Edificio Los Abetos, 11500 Montevideo, Uruguay
4 ANCAP, Desarrollo de Energias Renovables, Paysandii s/n 'y Avenida del Libertador, 11100 Montevideo, Uruguay

ARTICLE INFO ABSTRACT

Keywords: In this work, Eucalyptus grandis sawdust was investigated as raw matter for the co-production of xylosaccharides
Alkaline impregnation (XS) and bioethanol by steam explosion pretreatment with and without a previous NaOH impregnation stage.
Bioethanol

The acetyl groups were completely removed in the NaOH impregnation step, which inhibited the autohydrolysis
during the steam explosion pretreatment. The best results, in terms of XS recovery and glucan content in the
pretreated substrate, were obtained when E. grandis was subjected to steam explosion at 200 °C for 10 min
without alkaline impregnation. 76 kg of XS per ton of sawdust were obtained from the hemicellulosic hydrolysate
and were mostly xylose or short xylo-oligosaccharides (XOS) (83% and 17%, respectively). High hydrolysis ef-
ficiencies were obtained using high solids loading (27%) with the steam pretreated material. High ethanol
concentrations (75.6 g/L) and yields (259 L per ton of dry raw sawdust) were obtained by simultaneous
saccharification and fermentation (SSF), representing a suitable strategy for ethanol production from eucalyptus

Eucalyptus grandis
Steam explosion
Xylosaccharides

sawdust.

1. Introduction

Recently, interest in the production of chemicals and fuels from
renewable feedstocks, such as lignocellulosic materials, within a bio-
based and low-carbon economy approach has increased to reduce
climate change and global warming (Mussatto and Dragone, 2016;
Romani et al., 2013). Among these materials is eucalyptus, which has
high cellulose (40.6-48.4%) and hemicellulose (13.7-16% of xylan)
content and compositional uniformity (Cebreiros et al., 2021; Guigou
et al., 2019; Romanf et al., 2012). Furthermore, eucalyptus wood is one
of the most abundant wood species in Uruguay, and its use in producing
cellulose pulp is rapidly increasing (Guigou et al., 2019). In 2015,
Uruguay produced approximately 2,600,000 tons of eucalyptus pulp,
and it is expected to almost double its production by 2022 (Uruguay XXI,
2021). Therefore, the amount of sawdust produced, a by-product or
waste product from local pulp and paper industries, will also increase.
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Currently, three sawmills process 365,000 m®> of eucalyptus wood per
year, generating a residue of almost 40% of the processed wood. These
residues are mainly used as fuels to generate steam and energy for the
processes and also to be sold to the national electric grid (Uruguay XXI,
2021).

Bioethanol production from lignocellulosic materials has been well
studied in recent years. Different pretreatments are used to deconstruct
the internal structure of lignocellulosic materials and enable access to
the sugars in the cellulosic fraction. Alkali, acid, hydrothermal, and
steam explosion pretreatments are some of the technologies currently
used. Among them, steam explosion is one of the most utilized because it
presents advantages such as low environmental impact, high energy
efficiency, less hazardous process chemicals, high sugar recovery, and
good effectiveness in removing hemicellulose (Alvira et al., 2010; Bon-
figlio et al., 2019; Cebreiros et al., 2021; Chiarello et al., 2016; Mar-
tin-Sampedro et al., 2012; Molaverdi et al., 2021; Risso et al., 2020).
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After the explosion, a solid and a liquid phase are obtained. The solid
phase is composed mainly of cellulose and lignin. The liquid phase
(hydrolysate), depending on the treatment severity, is mainly composed
of xylose and xylo-oligosaccharides (XOS), with a low degree of poly-
merization (DP). Also, acetic acid, furfural, and other degradation
products with commercial interest could be formed. Even though xylose
and XOS are raw materials for xylitol and furfural production processes
(Bonfiglio et al., 2021; Clauser et al., 2016), XOS are gaining interest as
prebiotics for human and animal feed (Carvalho et al., 2016; Makelainen
et al., 2010; Miguez et al., 2021). In addition, XOS with a low degree of
polymerization have a higher market price than xylose. Therefore,
designing the process to optimize XOS production can make
second-generation ethanol production economically viable. On the
other hand, alkaline pretreatments are frequently used to enhance the
enzymatic cellulose hydrolysis of several lignocellulosic materials, being
efficiently used with hardwoods (Kim et al., 2019; Singh et al., 2015).
Besides of alkaline pretreatment, there are various pretreatment stra-
tegies that can be applied to enhance the enzymatic hydrolysis (Shen
et al., 2021; Tian et al., 2017). In alkaline pretreatments, the hemi-
celluloses are removed into liquor in polymeric form, allowing them to
be used to produce new materials such as biofilm or biogels, which
require polymers with high DP (Carvalho et al., 2016). Sodium hy-
droxide, as an alkaline catalyst, offers a good delignification capacity
and a low inhibitor production (McIntosh and Vancov, 2010; Singh
et al., 2015). Also, it has been reported that solid recovery after steam
explosion treatment is high when the material is previously impregnated
with NaOH (Park et al., 2012). Thus, a combination of alkaline and
steam explosion pretreatments could combine the advantages of both
methods. In this work, the steam explosion of eucalyptus sawdust
impregnated with alkali was studied as a pretreatment method in order
to recover the hemicelluloses in the liquor in polymeric form, remove
the lignin and increase the cellulose swelling to enhance the enzymatic
hydrolysis.

The enzymatic hydrolysis of the cellulosic fraction (pretreated solid)
is an important step in the production of bioproducts obtained from the
fermentable sugars of these lignocellulosic materials. The use of high
solid loadings (> 15%) presents many advantages compared with lower
solid loadings (Modenbach and Nokes, 2012). It improves the overall
productivity, decreases the energy consumption in product purification,
and decreases both the production and capital costs (Chiarello et al.,
2016; Larnaudie et al., 2019a; Modenbach and Nokes, 2012). By using
high solid loadings in enzymatic hydrolysis, high sugar concentration is
obtained, which is necessary to obtain a high ethanol concentration in
the fermentation. However, it is also a challenge because of mass
transfer limitations, inhibition effects from products derived from the
pretreatment on both hydrolysis and fermentation steps, hydrolysis in-
hibition due to high sugar concentration, and process handling problems
because of high viscosity (Larnaudie et al., 2019b; Pinheiro et al., 2019).

This work studies the co-production of xylosaccharides (XS) and
bioethanol from Eucalyptus grandis sawdust pretreated by steam explo-
sion with and without a previous alkaline impregnation stage. XS ob-
tained from the hemicellulosic hydrolysates from steam explosion
pretreatments were evaluated in terms of yields and their DP distribu-
tion. The solid fraction was then subjected to enzymatic hydrolysis in
which the effects of solid loading and enzyme dosage were studied. After
the pretreatment and enzymatic hydrolysis conditions had been defined,
separate hydrolysis and fermentation (SHF) and pre-saccharification
followed by simultaneous saccharification and fermentation (PSSF)
and simultaneous saccharification and fermentation (SSF) process con-
figurations were evaluated.

2. Materials and methods
2.1. Preparation and characterization of raw material

E. grandis sawdust, provided by a local sawmill, was used as the raw
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material (Urufor, Rivera, Uruguay). The sawdust was kiln-dried at 40 °C
until reaching a humidity of approximately 15% and stored at room
temperature. The sawdust particle size was 19% > 2 mm, 33% between
1 mm and 2 mm, 27% between 1 mm and 0.5 mm, and 21% under 0.5
mm.

2.2. Steam explosion pretreatment without and with alkaline
impregnation

Before the steam explosion pretreatment, eucalyptus sawdust was
mixed with a NaOH solution in a solid-liquid ratio of 1:4 using a heli-
coidal stirrer for 30 min and kept in a conditioning chamber at 23 °C for
20 h. After impregnation, the solid fraction was separated by press filter
processing (20 MPa) and dried in a solar oven for two days until
reaching a humidity of approximately 25% before entering into the
steam explosion equipment. Different dosages of NaOH were tested
using solutions with concentrations of 0, 10, and 20% (w/w), respec-
tively. For the assays that were not alkaline impregnated, the sawdust
was water-impregnated to reach approximately 25% moisture content
and left overnight.

A semi-continuous pre-pilot equipment (Advance Bio Systems LLC,
model S1401-D2011) installed at the Pilot Plant of Latitud in the
Technological Laboratory of Uruguay (LATU, Montevideo) was used for
steam explosion pretreatment. The steam explosion was carried out at
different temperatures (180, 190, and 200 °C) for 10 min. After the
pretreatment, the solid and liquid fractions (pretreated eucalyptus
sawdust and extracted liquor, respectively) were separated by filter
pressing (20 MPa). The pretreated solid was washed with water three
times (5:1 ratio of water to pretreated solid) and separated from the
washing waters by filter pressing. The washed pretreated eucalyptus
solid was then characterized for total solids, carbohydrates, and lignin
according to NREL protocols and stored at 4 °C until its use in enzymatic
hydrolysis experiments. The liquid fractions collected referred to as
hemicellulosic hydrolysate (the extracted liquor, the washing waters,
and the condensed liquid from the released steam) were kept for the
later analysis of products derived from hemicellulose. Selected extracted
liquors were used to separate XS and their subsequent chemical
characterization.

The pretreatment severity factor (Sp) was calculated as follows:

So=log|t em™s 1

with t the residence time (min), T the reaction temperature (°C), and
14.75 a fitted value (Overend et al., 1987). A combined severity factor
(CSp) was used to take into account the effect of alkaline conditions
(Park et al., 2012):

CSy=log|t e —pOH = log| t e +log[OH™| 2)

2.3. XS precipitation

The XS fraction was separated from selected extracted liquors from
the steam explosion pretreatment by ethanol precipitation according
with the conditions optimized elsewhere (Cabrera, 2021). The charac-
teristics of the precipitates obtained were studied for their further use as
a xylan source. For this purpose, 100 mL of the liquor were used. The pH
was adjusted to 7.0 + 0.1 with 6 M HCI, and the precipitated fraction
basically composed of lignin fragments was separated by centrifugation
at 3000 g for 20 min. 80 mL of the resulting liquid were mixed with
ethanol (95.5%) in a 1:1 ratio (by volume) with magnetic stirring for
30 min. After 48 h at 4 °C, the solution was centrifuged at 3000 g for
20 min, and the precipitated obtained was washed with fresh ethanol
and dried at 40 °C until achieving a constant weight.
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2.4. Engymatic hydrolysis of pretreated eucalyptus

2.4.1. Engymatic hydrolysis of the pretreated eucalyptus without and with
alkaline impregnation: Preliminary tests

The pretreated eucalyptus was enzymatically hydrolyzed using Cellic
CTec 2 (Novozymes) purchased from Sigma Aldrich® (cellulase activity
160 and 125 FPU/mL for solids without and with alkaline impregnation,
respectively). The solid loading and enzyme dosage were 15% (w/w)
and 30 FPU/gglucan, respectively. The enzymatic hydrolysis was per-
formed in 250-mL Erlenmeyer flasks containing 100 mL of the suspen-
sion at 50 °C and pH 4.85 (using 0.05 M citric acid-sodium citrate
buffer) with orbital agitation at 150 rpm (Infors HT Ecotron,
Switzerland). Samples were taken every 24 h until 96 h and at 168 h.
For glucose concentration analysis, the supernatants (cellulosic enzy-
matic hydrolysate) were heated at 95 °C to inactivate the enzymes and
centrifuged at 7100 g for 30 min to remove the solid wastes. The tests
were conducted in duplicate,

The enzymatic hydrolysis efficiency was calculated as:

(G- Gy) [solid]. .

Cellulose hydrolysis efficiency(%) = g ———- 100 3
Gl 11. 100

where G and Gy are the final and initial glucose concentration (g/L),
respectively, in the enzymatic hydrolysis assays, V is the liquid volume
(L), Gn is the glucan content of the pretreated solid (g/100 g dry pre-
treated solid), 1.11 is the factor to convert glucan to glucose, [solid] is
the dry solid concentration at the beginning of the enzymatic hydrolysis
(g dry pretreated solids per 100 g of liquid), and p is the density of the
liquid fraction (g/L).

The pretreated solid with alkaline impregnation, which achieved the
best performance in the enzymatic hydrolysis preliminary tests, was
enzymatically hydrolyzed using Cellic CTec2 (cellulase activity 200
FPU/mL) at different solid loadings (18-20%), with and without the
addition of polyethylene glycol 6000 (PEG 6000) at a rate of 0.05 g/gary
pretreated solid @s an enhancer of the hydrolysis efficiency cellulose
(Camesasca et al., 2015). The enzymatic hydrolysis was performed as
previously described for 168 h. Samples were withdrawn every 24 h
until 96 h and at 168 h. The tests were conducted in duplicate.

2.4.2. Engymatic hydrolysis of pretreated eucalyptus without alkaline
impregnation: Solid loading and enzyme dosage evaluation

The effect of solid loading and enzyme dosage on the glucose con-
centration reached and enzymatic hydrolysis performance were evalu-
ated using a rotational central composite design (RCCD) (x = 1.414)
with four repetitions of the central point and including axial points. The
pretreated solid without alkaline impregnation, which achieved the best
results in the preliminary enzymatic hydrolysis tests (2.4.1), was enzy-
matically hydrolyzed using Cellic CTec2 (cellulase activity 160 FPU/
mL) at different solid loadings (15-25%) and enzyme dosages
(10-25 FPU/gglycan) to maximize glucose concentration with a high
hydrolysis efficiency. The enzymatic hydrolysis was performed as pre-
viously described (2.4.1) with 50 mL of the suspension for 96 h. Samples
were taken at 48, 72, and 96 h for analysis. For the hydrolysis assays
with a solid content > 25%, an extra sacrificed flask was used in order to
have a representative sample due to high solid content.

An analysis of variance (ANOVA) was utilized to statistically eval-
uate the effects of the enzyme dosage (ED) and the solid loading (SL) on
glucose concentration (G). The ED, SL, and G were expressed in FPU/
Zglucan, % (W/w), and g/L, respectively. Effects were considered signif-
icant when p < 0.05. The variables ED and SL were normalized and
coded as x; and x», respectively:

ED— 175
= g (C)]
SL —20
5

()

Xy =
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2.5. Microorganism and inoculum preparation

Dry Saccharomyces cerevisiae (Fleischmann, Uruguay) was used in all
the fermentations assays. It was reactivated using a medium with 60 g/L
of glucose, 3 g/L yeast extract, 3 g/L malt extract, and 5 g/L peptone in
500-mL Erlenmeyer flasks with 250 mL of medium. The pH was adjusted
to 4.5, and it was sterilized at 121 °C over 15 min. It was incubated in an
orbital shaker at 30 °C and 150 rpm for 14-16 h.

2.6. Fermentation of pretreated eucalyptus without alkaline impregnation

2.6.1. SHF configuration

The pretreated eucalyptus was enzymatically hydrolyzed using Cellic
CTec 2 (cellulase activity 125 FPU/mL). It was performed for 48 h as
previously described in 2.4.1. The solid loading was 27% (w/w) and
enzyme dosage 25 FPU/gglycan. To remove the solid wastes, the super-
natants were centrifuged and collected for analysis. The experiments
were performed in duplicate.

Ethanol fermentation by SHF configuration was performed in 250-
mL Erlenmeyer flasks with 100 mL of enzymatic hydrolysate contain-
ing 143.1 g/L glucose, 6.6 g/L cellobiose, and 0.3 g/L xylose. The pH
was adjusted to 6.0 + 0.1 with 2 M NaOH, and it was sterilized at
121 °C, 15 min. Then, 5% (v/v) of the sterilized nutrient solution (pre-
pared 20X stock) was added. The nutrient solution contained 30 g/L
yeast extract, 30 g/L malt extract, and 50 g/L peptone. It was then
inoculated with a Saccharomyces cerevisiae suspension to reach 1 x 108
cells/mL. Experiments were performed in duplicate at 30 °C with orbital
agitation at 100 rpm for 24 h. Routinely, samples were taken during
fermentation for sugar and product analysis. The ethanol yield (EY)
(Lethanol/toNdry sawdust) and the ethanol conversion (EC) (gethano/100
Stheoretical ethanol) Were calculated as follows:

gy - BV ©)
pM
E, M
EC=—"" 11124100, 7
0511.Gs, 1y 100, @

where E; is the ethanol concentration at time t (g/L), V is the fermen-
tation volume (L), p is the density of ethanol at 20 °C (789 g/L), M is the
eucalyptus dry mass (tonne), 0.511 is the stoichiometric glucose into
ethanol conversion factor, Gn is the glucan content of the pretreated
solid (g/100 g dry pretreated solid), and 1.11 is the factor to convert
glucan to glucose.

2.6.2. SSF and PSSF configurations

Fermentations were performed using the SSF and PSSF configura-
tions in 250-mL flasks with 100 mL of 27% (w/w) of pretreated solid
suspension supplemented with 5% (v/v) nutrient solution, citrate buffer
solution at pH 4.85, and the same enzyme solution as used for SHF
configuration at the same enzyme dosage (25 FPU/gglucan) before inoc-
ulation with a Saccharomyces cerevisiae suspension to reach 1 x 108
cells/mL. For the PSSF experiments, a 24 h of pre-hydrolysis at 150 rpm
and 50 °C was performed before inoculation took place. All experiments
were performed in duplicate at 30 °C in an orbital shaker at 100 rpm for
24 and 48 h for PSSF and SSF, respectively. Routinely, samples were
taken during fermentation for sugar and product analysis.

2.7. Analytical methods

The chemical composition of the raw and pretreated material was
determined following NREL protocols (Sluiter et al., 2008a, 2008b,
2008d, 2008e).

The chemical composition and total solids content of the liquid
fraction from steam explosion pretreatments were determined following
NREL protocols (Sluiter et al., 2008a, 2008c, 2008d). Glucose,
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cellobiose, ethanol, furfural, glycerol, HMF and organic acids (formic
and acetic acids), were quantified by HPLC (Shimadzu, Kyoto, Japan)
using RI and SP detectors and an Aminex HPX-87 H column (Bio-Rad
Laboratories Ltd., USA) at 35 °C. H2SO4 (5 mM) was used as mobile
phase at 0.6 mL/min. Glucose and xylose corresponded to the enzymatic
hydrolysates of the NaOH-impregnated solids and were quantified with
an Aminex HPX-87 P column operating at 80 °C with type I deionized
water as eluent at 0.6 mL/min. The molecular weight distribution of XS
in the non-impregnated liquid fractions was determined by HPLC-GPC
(Shimadzu, Kyoto, Japan) using RI detector and an Aminex HPX-42A
column (Bio-Rad Laboratories Ltd., USA) at 60 °C with type I deion-
ized water as eluent at 0.6 mL/min. Standards of xylobiose (DP = 2),
xylotriose (DP = 3), xylotetraose (DP = 4), and xylopentaose (DP = 5)
were obtained from Megazyme Ltd. (Ireland), and xylose standard (DP =
1) was provided by Sigma-Aldrich.

The precipitates obtained after the ethanol addition were analyzed
by FTIR-ATR (Shimadzu IR Affinity 1-S with an ATR Pike MIRacle
accessory). The spectra were performed between the wavenumbers
4000-600 cm ™! with a resolution of 4 cm™; each spectrum is the result
of 32 scans. A diamond ATR crystal with a diameter of 1.8 mm and ZnSe
optical surface was used. Then, the precipitates were dissolved in NaOH
0.1 M, and the carbohydrate, lignin, and ash content were determined
according to the above procedures. The molecular weight distributions
were determined by HPLC-GPC (Shimadzu, Kyoto, Japan) with a set of 3
PSS® MCX 1000 A columns in series with 2 PSS MCX 100 A columns and
an RI detector. Poly (styrene sulfonate) sodium salts (PSS®) were used as
standards with the following molecular weights: 4230, 7930, 10600,
14900, 20700, 29100, and 64200 Da. A buffer solution of pH 12.0 with
NaOH and NaH;PO4. H,0 was used as the mobile phase.

Scanning electron microscopy (SEM) was utilized to compare the
morphology of the raw and pre-treated materials and evaluate the
changes in the external structure caused by the pretreatments. A JEOL
JSM5900 SEM operated with an accelerating voltage of 20 kV and
12 mm of working distance was utilized. Small sized samples were
previously sputtered with a thin layer of gold.

The Cellic CTec 2 cellulase activity was determined following the
NREL protocol for each new enzymatic extract vial (Adney and Baker,
2008).

The cellular concentrations (total and viable) were determined by
microscope direct counting in a Neubauer chamber. Living and dead
cells were quantified using methylene blue as a dye.

2.8. Statistical analysis

The ANOVA of the experimental data using Tukey’s test by InfoStat
software (student version 2013, Universidad Nacional de Cérdoba,
Argentina, http://www.infostat.com.ar) was performed to determine
statistical differences (p < 0.05).

For the RCCD design assays, Statistica® software was used to
perform ANOVA to determine statistical differences (p < 0.05). A linear
regression was implemented after eliminating nonsignificant regression
parameters. A good fit was considered when the model presented a
significant regression coefficient (R?) and nonsignificant lack of fit.

3. Results and discussion
3.1. Pretreatment of E. grandis sawdust

The E. grandis sawdust was composed mainly of carbohydrates
(43.6 = 2.1% glucan and 11.1 + 0.5% xylan), followed by total (acid
soluble and insoluble) lignin (30.5 + 0.5%). The remaining constituents
were acetyl groups (3.0 4 0.2%), water-ethanol extractives
(3.6 + 0.8%), and ash (0.3 + 0.1%). The composition was similar to that
reported by other works on eucalyptus sawdust and eucalyptus wood
(Cebreiros et al., 2021; Guigou et al., 2019; Romani et al., 2012) and
presented some minor variations with data reported for different

Industrial Crops & Products 175 (2022) 114253

eucalyptus species (Martin-Sampedro et al., 2012).

The chemical composition of liquor hydrolysates and pretreated
solids is presented in Table 1. As expected, the solid fraction was
enriched in glucan and lignin content by the steam explosion pretreat-
ment compared to the untreated E. grandis sawdust (Table 1) due to a
high hemicellulosic fraction (mainly xylan and acetyl groups) removal.
The principal constituents of the pretreated solids were glucan (59-63%
w/w) and lignin (32-46% w/w). No acetyl groups were detected in any
of the pretreated solids, probably due to their extensive solubilization in
the pretreatment stages. Xylan was not detected in the pretreated solids
without NaOH impregnation. However, it was hardly removed in the
solids that were impregnated with NaOH, reaching xylan contents of
7-9% w/w in the pretreated solids. This could be due to the low content
of hydronium ions present during the steam explosion, which can be
attributed to the high removal of acetyl groups achieved (87%) during
the previous NaOH impregnation step. This was consistent with the pH
values found in the hemicellulosic hydrolysates, which were in the range
5-6 and 2.5-3 in the solids impregnated and not impregnated with
NaOH, respectively.

Fig. 1 shows the SEM images of the raw fibers and steam-exploded
fibers with and without NaOH impregnation. A low level of damage
can be observed in the structure of the impregnated solids, which is
consistent with the low hemicellulose solubilization achieved in this
pretreatment, as previously mentioned.

The hemicellulosic hydrolysates from the non-impregnated solids
contained xylose, xylo-oligosaccahrides, acetic acid, glucose, gluco-
saccharides, furfural, and lignin fragments (Table 1). As expected, the
furfural concentration increased with the temperature in detriment of
the XS concentration. A small number of glucosaccharides was also
found. Fig. 2 shows the relative molecular weight distribution of the XS
in the extracted liquors. At 180 °C, xylose accounted for 60% of the XS,
which increased to almost 70% at 200 °C. At this temperature, less than
3% of the XS had a DP of 5 or higher. The three wash waters of each
condition present the same distribution profile as the corresponding
extracted liquor.

The components found in the extracted liquor and in the washing
liquors revealed that three washing stages to the solid fraction were
necessary to remove possible inhibitors (i.e., acetic acid, lignin frag-
ments, furfural) and to recover the solubilized components. In the liquid
fractions from the non-impregnated solids, at least 75% of the XS,
xylose, and XOS were recovered in the extracted liquor and the washing
water from the first washing stage. The acetyl groups were found mostly
in the extracted liquor as acetic acid and in the first washing water (at
least 60% of the total acetyl groups); however, an important fraction was
found in the condensates (more than 15%). Furfural was mainly found in
the condensate stream, which accounts for at least 70% of the total
recovered furfural. The volatile compounds were swept by the steam
released from steam explosion and partially recovered in the conden-
sates in the condensation chamber, which was not completely closed.
According to the mass balance, 20-70% of the furfural produced was not
recovered. Hydrolysates obtained by steam explosion with NaOH
impregnation contained XS with molecular weights greater than
2000 Da.

During the processing of the NaOH-impregnated solids, an additional
liquid stream is obtained from the impregnation step. This stream was
composed mainly by acetic acid and XS. Deacetylation has been reported
as one of the main reactions taking place during the alkaline treatment
at ambient temperature for bioethanol production (Chang and Holt-
zapple, 2000), also in alkaline or ) alkaline chemi-mechanical pre-
treatment of wood in the pulp industry (Inalbon et al., 2009, Zanuttini
and Marzocchi, 1997), and more recently the effect of a previous
deacetylation was reported as beneficial for bioethanol production due
to the deacetylated solid being more susceptible to enzymatic hydrolysis
(Castro et al., 2017). The XS content in the impregnated liquors was
2.6% of dry sawdust (20% of xylan content of the raw material) at the
most concentrated alkaline conditions used, which was comparable with
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Table 1
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Chemical composition of steam exploded-pretreated Eucalyptus grandis sawdust (10 min residence time) without and with previous NaOH impregnation (solid-liquid

ratio of 1:4 at 23 °C for 20 h): solid and liquid fraction.

Without NaOH impregnation

With NaOH impregnation®

Components Unit 180 °C 200 °C 180 °C, 20% w/w 190 °C, 10% w/w 200 °C, 20% w/w
Liquid fraction
Gluco-oligomers g glucose equivalent/100 g sawdust 0.34 +0.02 0.25 + 0.02 0.12 £ 0.02 0.03 £+ 0.01 0.06 + 0.02
(0.18 + 0.02) (0.18 + 0.02) (0.16 + 0.02)
Xylo-oligomers g xylose equivalent/100 g sawdust 39+04 1.3+0.2 2.0+£0.3 1.5+0.2 24+0.3
(2.7 £0.4) (1.3+£0.2) (2.6 £0.3)
Glucose g/100 g sawdust 0.38 + 0.02 0.80 £+ 0.03 0.04 £+ 0.01 (nd) nd 0.15 £ 0.03 (nd)
Xylose g/100 g sawdust 6.9+ 0.3 6.3+0.2 0.48 £ 0.05 (nd) 0.14 + 0.03 (nd) 0.70 £ 0.05 (nd)
Acetic acid g/100 g sawdust 4.0 +0.2 4.0+0.2 0.63 + 0.08 0.76 + 0.10 1.4+0.2
(2.6 £0.2) (2.6 £0.2) (2.6 £0.2)
Formic acid g/100 g sawdust 0.73 £ 0.09 0.90 + 0.09 0.98 +0.10 0.21 £+ 0.03 1.6 £0.1
(nd) (nd) (nd)
5-HMF g/100 g sawdust 0.16 + 0.04 0.38 + 0.07 n.d. n.d. n.d.
Furfural g/100 g sawdust 0.38 + 0.06 3.0+0.1 0.05 + 0.01 (nd) n.d. n.d.
Acid insoluble + soluble lignin” g/100 g sawdust 3.1+£0.2 2.7 +£0.2 0.46 &+ 0.03 6.3 +0.3 5.5+0.3
Solid fraction
Glucan €/100 g treated solid 59.4 + 0.6 60.1 + 0.2 61.0 + 3.1 62.8 +1.1 59.7 + 3.2
Xylan g/100 g treated solid nd nd 9.4+1.2 83+1.1 7.4 +21
Acetyl groups g/100 g treated solid nd nd nd nd nd
Acid insoluble lignin €/100 g treated solid 345+15 44.5 + 0.0 29.4 + 2.0 29.4+1.4 31.0+1.8
Acid soluble lignin g/100 g treated solid 2.1+0.2 1.9+0.0 3.3+0.1 29+0.1 25+0.5

nd: not detected

@ Hydrolysates value includes extracted liquor, wash waters and condensate fraction. Values in brackets are from the impregnation stage liquor.
b Calculated as the difference between total lignin (acid soluble and insoluble) in the raw material and the total lignin in treated solid, both in raw material base.

Fig. 1. SEM images of raw fibers (A) and steam-exploded pretreated fibers without alkaline impregnation (B: 180 °C, and C: 200 °C) and with alkaline impregnation
(D: 20% NaOH, 200 °C, E: 10% NaOH, 190 °C and F: 20% NaOH, 180 °C).

the values reported elsewhere (Al-Dajani and Tschirner, 2008). The
solubilized xylan was found in a polymeric or oligomeric form as no
xylose was found in the liquors. The precipitate obtained from the
impregnation stage comprised 47 + 3% of XS, 1.8 & 0.3% of acetyl
groups, 17.0 + 4% of acid insoluble compounds (probably phenolics
and extractive compounds), and 31 + 1% of ash, among other compo-
nents not identified. The precipitate obtained from the steam explosion
liquor comprised 49 + 3% of XS and 26 + 4% of acid soluble and

Xylose and xylo-oligosacharides
distribution in steam explosion liquors
(%)

o 88888838

)

°C 200°C
\ Xylose DP2 " DP3 ENDP4 EDP>4

Fig. 2. Relative composition of different degree of polymerization of the car-
bohydrates presents in the steam explosion hydrolysates obtained by steam
explosion of sawdust without NaOH impregnation. DP: degree of polymeriza-
tion considering anhydro-xylose as the monomeric unit.

insoluble lignin, among other components not identified. The average

molecular weight of the latter was 48900 + 600 Da.

The ATR-FTIR spectrum of the ethanol precipitate from the steam-
exploded extracted liquor after the NaOH impregnation stage (Fig. 3A)

showed a wide and intense peak, with a maximum at 1036 cm™

1
, the

typical peak of the (1—4)-p-xylans, which corresponds to the stretching

vibrations of C-C and C-O bonds and C-OH rotation from ring and side
groups (Buslov et al., 2009; Kacurakova et al., 1998; Kacurakov4 et al.,
2000). The bands at 1160-1100 cm ™! correspond to the glycosidic bond
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Fig. 3. ATR-FTIR spectrum of the precipitates obtained from A) steam exploded hydrolysate after the NaOH impregnation stage and B) the impregnation liquor.

(C-0-C) (Kacurakova et al., 2000). A very wide band at 980 em ! is
assigned to the scissor-like vibrations of the CHz and C-OH groups (Chen
et al., 2015; Kacurakova et al., 1998). The band at 897 cm Lis typical of
the B-glycosidic bond (Chen et al., 2015). The broad and intense regions
in the spectrum at 3600-3000 cm™! are assigned to the intra- and
intermolecular vibrations of hydroxyl groups as well as the presence of
water from hydration (Buslov et al., 2009; Kacurakova et al., 1998). It
should be noted that the peak corresponding to free water that is char-
acteristic of the region was not observed. The peak at 2916 cm™! could
be assigned to the stretching vibrations of the CHs, CHy, and CH groups
that appear in this region. This may be due to the presence of acetyl
groups or 4-O-methyl-D-glucuronic acid (Buslov et al., 2009). These
bands confirmed the presence of a structure of (1—4)-p-xylans with
acetyl and glucuronic side groups, typical for hardwood hemicelluloses.
However, the dark colour of the precipitates and the signal in the range
of 1800-1500 cm ™}, which are assigned to the stretching vibrations of
the C = C and C-H groups, confirmed the presence of lignin fragments in
the sample (Buslov et al., 2009).

The ethanol precipitate from the impregnation liquor (Fig. 3B) had
the same bands reported for the preceding precipitate but at a lower
intensity. This bands confirmed the existence of XS in a polymeric state
in the precipitate and the presence of lignin fragments. However, the
presence of a strong band, in the region of 2100-2000 cm™}, which
could not be assigned to any compound and not corresponding to any
xylan or lignin signal, decreased the other bands’ intensity.

3.2. Engymatic hydrolysis of pretreated eucalyptus

3.2.1. Engymatic hydrolysis of the pretreated eucalyptus without and with
alkaline impregnation: Preliminary tests

Fig. 4A and B show the glucose concentration and hydrolysis effi-
ciency profiles for the non-impregnated solids (180 and 200 °C) and
solids impregnated with 20% NaOH and pretreated at 200 °C. Table 2
shows the chemical composition of the enzymatic hydrolysates of all the
solids pretreated for 168 h.

Although the degree of delignification of the pretreated solids was
low (Table 1), the enzymatic digestibility of the pretreated solids
without NaOH impregnation increased with temperature (Table 2). A
hydrolysis efficiency of 96% was obtained for the solid pretreated at
200 °C, while only 69% was obtained for that pretreated at 180 °C. This
result agrees with that reported by Park et al. (2012) for E. grandis, who
found that an increase in steam explosion temperature enhanced the
likelihood of enzymes to access cellulose due to the xylan and lignin
removal, which act as a barrier for the enzymes to access to cellulose.
Depending on its severity, pretreatment can also induce changes in the
lignin such as depolymerization, condensation, and reallocation, which
can facilitate the accessibility of the enzyme to cellulose (Ramos, 2003).
The enzymatic hydrolysates reached a glucose concentration of 105 g/L
for the pretreated solid at 200 °C. Cellobiose was also found in the
enzymatic hydrolysates, 5 and 7 g/L for solids pretreated at 180 and
200 °C, respectively. Xylose was not detected as there was no xylan in
the pretreated solid.

Concerning the alkaline-impregnated pretreated solids, a clear cor-
relation between hydrolysis efficiency and steam explosion temperature
(or severity factor) was not observed. No significant differences were
observed for hydrolysis efficiency for the different conditions studied

A
! 120 B) 100
200 °C, 20% NaOH i
% @180 °C, 0% NaOH = ==
100 9 °,
0 £9200°C, 0% NaOH
80 g » ?
~ ] g
3 -
F o § w
3 %
(] £ 40
40 L
—+—200°C, 0% NaOH 2 »
—=— 180 °C, 0% NaOH 20
20 4
—e—200 °C, 20% NaOH 10
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80 100
Time (h)

120 140 160 180

72
Time (h)

168

Fig. 4. Glucose concentration (A) and hydrolysis efficiency (B) profiles during enzymatic hydrolysis of the non-impregnated solids (180 and 200 °C) and solids
impregnated with 20% NaOH and pretreated at 200 °C. Solid loading and enzyme dosage were 15% (w/w) and 30 FPU/gg|ycan, respectively.
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Table 2
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Chemical composition of enzymatic eucalyptus hydrolysates and hydrolysis efficiency for tests performed at 15% solid loading and 30 FPU/ggycan after 168 h.

Severity factor/combined severity factor Conditions

Chemical composition (g/L) Enzymatic hydrolysis efficiency (%)

Temperature (°C) NaOH (% w/w)

3.36 180 -
3.94 200 -
4.05 180 20
4.05 190 10
4.64 200 20

nd: not detected

(p > 0.05), whose values were in the range of 47-54% (Table 2). Glucose
and cellobiose concentrations of 49-55 and 6-7 g/L, respectively, were
achieved. Xylose was also detected in the hydrolysates (12-19 g/L)
because the xylan, which was not completely removed, was hydrolyzed
by xylanases present in the commercial enzyme preparation used (Cellic
CTec 2), as reported by Larnaudie et al. (2019a).

The better performance of steam-explosion without alkaline
impregnation compared to the pretreatment with impregnation could be
due to the action of acetyl groups during pretreatment. The best hy-
drolysis performance was obtained for the solid that was not NaOH-
impregnated and steam exploded at 200 °C. This can be attributed to
the fact that the hemicellulose was almost completely removed during
the pretreatment (based on the xylan and acetyl groups’ components),
which could improve cellulase access to the cellulose surface (Bura et al.,
2009). As can be observed in the SEM images in Fig. 1, the 200 °C
steam-exploded solid presented a more damaged structure compared to
the solid obtained after steam explosion at 180 °C, having a high su-
perficial area that may favor the enzymatic attack. Moreover, as an
almost complete solubilization of acetyl groups occurred during the
NaOH impregnation step (Table 1), the steam explosion pretreatment
was not as effective in breaking the material structure (no acetic acid
formation) at high temperatures, which could explain the worse enzy-
matic hydrolysis performance compared to the non-impregnated solids.
According to the SEM images (Fig. 1), the fibers of the
NaOH-impregnated solids did not appear to be damaged, which high-
lights the hypothesis that the OH groups neutralized the acidic compo-
nents, reducing the extent of hemicellulose autohydrolysis. These results
are not in accordance with the data reported by Park et al. (2012), who
obtained a higher enzymatic hydrolysis performance when a NaOH
impregnation stage was performed before the steam explosion of
E. grandis wood. They reported that the better enzymatic hydrolysis
results of the impregnated solids were due to the high lignin removal
reached and the increase in crystallinity, which allowed the enzymes to
have easy access to the cellulose. Although the authors used a lower
solid loading (5% w/w) than that in this work, the enzymatic hydrolysis
efficiencies of the NaOH-impregnated solids were comparable (10-67%
vs. 47-54%, respectively).

In order to improve the cellulose hydrolysis of NaOH-impregnated
solids, the addition of PEG 6000 was evaluated since it has been re-
ported that the presence of a surfactant (as well as some proteins) could
reduce the negative lignin-enzyme effect by hydrophobic interactions
with lignin residues (Azar et al., 2019; Camesasca et al., 2015). High
solid loadings (18% and 20%) were used. fig. 5 shows the glucose
concentration and hydrolysis efficiency profiles obtained during the
enzymatic hydrolysis. Cellulose to glucose conversions of 45% and 42%
were achieved with 18% and 20% solid loadings, respectively. Although
the addition of PEG 6000 improved the hydrolysis efficiency for both
solid loadings at 28% and 34%, respectively, the values achieved were
low. A glucose concentration of 76 g/L was effectively obtained at 20%
(w/w) solid loading when PEG 6000 was added (hydrolysis efficiency of
59%). Xylose was also detected in the hydrolysates (4-10 g/L) due to the
fact that the xylan was not completely removed during pretreatment as
explained above.

Compounds such as furfural, acetic acid, formic acid, and HMF,

Glucose Cellobiose Xylose
76.8 +2.9 4.9 +0.1 nd 69.3 + 3.5
105.4 + 3.5 7.3+ 0.0 nd 96.5 + 3.1
48.7 £ 2.7 59 +0.1 149 £1.0 47.2+2.6
54.8 + 0.8 6.3 £ 0.0 18.7 £ 0.2 52.7+0.8
51.7 £ 1.6 7.0+ 1.2 11.8 £ 0.4 54.0 + 1.6
90
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Fig. 5. Glucose concentration (in left axis) and hydrolysis efficiency (values on
bars) profiles during enzymatic hydrolysis of 20% NaOH and 200 °C steam
explosion-pretreated eucalyptus sawdust, at solids loading of 18 and 20% (w/
w) without and with PEG 6000 addition.
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Fig. 6. Glucose concentration as a function of solid loading and enzyme dosage
of the RCCD design for steam exploded solids without alkaline impregnation
at 200 °C.

which could be formed during pretreatment and act as possible
fermentation inhibitors, were not detected in any of the enzymatic hy-
drolysates, both for solids impregnated and non-impregnated with
NaOH. In the non-NaOH-impregnated treatment, the furfural volatilizes
as it is formed and is mainly found in the condensate, so it is hardly in
contact with the solid. In the NaOH-impregnated treatment, furfural and
HMF were not formed during the steam explosion despite severe treat-
ment conditions.

3.2.2. Enzymatic hydrolysis of pretreated sawdust without alkaline
impregnation: Solid and enzyme dosage evaluation

The production of enzymatic hydrolysates with a high sugar con-
centration and low enzyme dosages is important in terms of the process
economics of the bio-based product industry as it can reduce equipment
size and facilitate downstream processing. To produce bioethanol at a
high concentration, it is necessary to perform the fermentation process
with a high sugar concentration (Kim et al., 2019). To achieve high
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Table 3
Glucose concentration of the enzymatic eucalyptus hydrolysates and hydrolysis
efficiency obtained in the RCCD tests at 48 h.

Run x; Xo Enzyme Solid Glucose Hydrolysis
dosage loading concentration efficiency
(FPU/ (%, w/ (g/L) (%)
glucan) w)

1 -1 -1 10 15 80 78

2 1 -1 25 15 96 92

3 -1 1 10 25 104 59

4 1 1 25 25 125 72

5 0 0 17 20 108 78

6 0 0 17 20 95 67

7 0 0 17 20 101 74

8 0 0 17 20 108 78

9 0 -1.41 17 13 71 80

10 0 1.41 17 27 120 63

11 -1.41 0 7 20 69 50

12 1.41 0 28 20 106 76

sugar concentrations with low enzyme dosages, an experimental design
was carried out to evaluate enzyme dosage and solid loading.

Table 3 shows the experimental results of the RCCD for enzyme
dosage (ED) and solid loading (SL) using the pretreated solid at 200 °C
for 10 min without alkaline impregnation. The model obtained for the
glucose concentration (G) as a function of enzyme dosage and solid
loading was as follows:

G (g/L) = 98.833 + 11.16574 x, + 15.28706 x, (R> = 0.84) €))

The response surface obtained is shown in Fig. 6. Both enzyme
dosage and solid loading showed a significant effect on glucose con-
centration (p < 0.05). As expected, higher hydrolysis efficiencies were
observed for lower solid loadings and higher enzyme dosages. However,
a relatively high hydrolysis efficiency (72%) was obtained for a high
solid loading (25%) when a high enzyme dosage was used (25 FPU/
Zglucan) (run 4). As the solid loading increased, the glucose concentration
increased but the hydrolysis efficiency decreased (Table 3). This could
be due to mass transfer limitations because high amounts of soluble
molecules in the hydrolysate affect the cellulases diffusion mechanism
to reaction sites within the substrate due to increased viscosity (Roberts
et al.,, 2011). It has also been reported that the reduction of available
water affects the hydrolysis efficiency under high solid loadings (Selig
et al., 2012). As the enzyme dosage increased, higher glucose concen-
trations and hydrolysis efficiencies were obtained for the same solid
loading. The increase in enzyme dosage also compensated for the lower
hydrolysis efficiencies observed when a very high solid loading was used
(25%) (runs 3 and 4), which is in agreement with the data reported by
Modenbach and Nokes (2012). A high sugar concentration was obtained
(125-120 g/L) for the assays with a high solid loading (25-27%) (runs 4
and 10, respectively). Concerning those assays, a higher hydrolysis ef-
ficiency was obtained with 25 FPU/gglucan compared to 17 FPU/gglucan
(72 and 63%, respectively), which confirms that high enzyme dosages
are needed when a high solid loading is used. However, increasing the
enzyme dosage between 17 and 28 FPU/gglucan Showed not to have a
significant effect on hydrolysis efficiency (74% as the average of the
central point and 76%, respectively) when a solid loading of 20% was
used. This was probably due to the moderately low solid content. Thus,
the highest solid loading evaluated (27%) and a relatively high enzyme
dosage (25 FPU/ggjycan) Were chosen to obtain a high glucose concen-
tration with a hydrolysis efficiency higher than 63% (run 10; Fig. 6).

Eq. (8) predicts a glucose concentration of 129 + 6 g/L at 48 h for an
enzymatic hydrolysis with 27% (w/w) solid loading and 25 FPU/ggjycan
enzyme dosage. To confirm this value, an assay was performed under
these experimental conditions. Fig. 7 shows the sugar concentration and
hydrolysis efficiency profiles during 96 h of hydrolysis. As expected,
134 + 5 g/L of glucose was achieved at 48 h, which was within the
range predicted by the model. As expected, the hydrolysis efficiency
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Fig. 7. Glucose concentration and hydrolysis efficiency profiles during enzy-
matic hydrolysis of pretreated eucalyptus sawdust by steam explosion at 200
°C, at solid loading and enzyme dosage of 27% (w/w) and 25 FPU/ggucan,
respectively.

obtained was 74 + 3%, similar to that obtained for 25% and 25 FPU/
Zglucan (72%) in the RCCD.

3.3. SHF, SSF, and PSSF of E. grandis pretreated by steam explosion
without alkaline impregnation

Fig. 8 and Table 4 show the glucose and ethanol profiles and
fermentation results, respectively, for the configurations evaluated. For
the SSF configuration, an ethanol concentration of 75.0 g/L was reached
at 36 h with a total productivity (hydrolysis + fermentation) of 2.1 g/
Lh. Similar ethanol concentration results (p < 0.05) were reached in
both SHF and PSSF configuration processes (ethanol concentration of
71.8 and 70.2 g/L, respectively). The total productivity reached in the
PSSF configuration process (2.0 g/Lh) was also similar to that obtained
in SSF at 36 h. However, the SHF process showed a worse performance
in terms of total productivity (1.0 g/Lh) because of the long pre-
saccharification time (48 h). In the SSF process, the sugar concentra-
tion in the medium was low (16 g/L) when the microorganism was
inoculated. As the hydrolysis and fermentation continued, the micro-
organism consumed the sugars at a similar rate as they were released by
the enzyme, and therefore the glucose concentration was maintained at
approximately O g/L during the entire process. Since the last sample of
the fermentation was taken at 48 h, the enzymatic hydrolysis was not
expected to be completed.

Based on the model developed (8), a maximum of 129 + 6 g/L of
glucose was expected to be released in the fermentation broth at 48 h,
and, considering the amount of sugar present in the enzyme extract
(16 g/L at the start of the fermentation), the stoichiometric ethanol
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Fig. 8. Glucose (filled symbols) and ethanol (white symbols) concentration
profiles for steam-exploded eucalyptus sawdust (200 °C, 10 min) without
alkaline impregnation during fermentation: SHF (square), PSSF (circle) and
SSF (triangle).
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Table 4

Fermentation parameters of ethanol production from steam explosion-
pretreated eucalyptus at 200 °C for 10 min without alkaline impregnation by
SHF, SSF and PSSF configurations using S. cerevisiae.

Fermentation configuration SHF PSSF SSF

Time (h) 68 (48 +20)"  35(24 +11)" 48

Initial sugars (g/L) 150 + 6 106 £+ 0.1 16 +1
Glycerol (g/L) 45+04 48+0.1 2.5+0.0
Ethanol (g/L) 71.8 £ 1.0 70.2 £ 0.6 75.6 £ 1.5
Ethanol conversion (%) 78 £1 82+8 83 +2
Fermentation productivity (g/Lh) 3.5+£0.0 6.2 £0.1 1.6 £0.0
Total productivity (g/Lh) 1.0+ 0.0 2.0 £0.0

2 Time (pre-saccharification time + fermentation time).
> Time (pre-saccharification time + saccharification and fermentation time).

concentration expected was in the range 71-77 g/L, similar to that
achieved (75.6 g/L).

To obtain a high ethanol conversion, longer fermentation times are
needed (72-96 h), which would result in a slow progressive increase in
ethanol production. Although the fermentation was not completed, the
ethanol concentration achieved was, to the author’s knowledge, higher
than that reported in the literature from steam-exploded eucalyptus.
Romani et al. (2013) reported a maximum of 51 g/L of ethanol by SSF of
steam-exploded Eucalyptus globulus wood at 210 °C for 10 min (liquid to
solid ratio (LSR) of enzymatic hydrolysis of 6 and enzyme dosage (ED) of
10 FPU/g). Higher ethanol concentrations have been reported from
eucalyptus pretreated by autohydrolysis. Guigou et al. (2019) reported
an ethanol concentration of 58 g/L via the PSSF strategy from E. grandis
pretreated by autohydrolysis and soda pulping (LSR of 7.5, ED of
25 FPU/gglucan). Romani et al. (2012) obtained an ethanol concentration
of 67.4 g/L via the SSF strategy from E. globulus pretreated by autohy-
drolysis at 230 °C (Sp = 4.67) under similar enzymatic hydrolysis
experimental conditions as those utilized in this work (LSR and ED of
4 g/g and 16 FPU/ggupstrate and 3.7 g/g and 15 FPU/gsbstrate, TESPEC-
tively), those results being the highest ethanol concentrations reported
from eucalyptus to the author’s knowledge. More recently, Cunha et al.
(2018) obtained 93 g/L of ethanol from E. globulus wood and cheese
whey powder using a modified Saccharomyces cerevisiae for p-galacto-
sidase production under SSF.

In this work, yields of 246, 241, and 259 L ethanol per ton of raw
material for the SHF, PSSF, and SSF processes, respectively, were ob-
tained. The SSF process reached the highest yield, which is similar to
that found in the literature. Guigou et al. (2019) reached an ethanol
yield of 254 L per ton of E. grandis sawdust pretreated by autohydrolysis
and soda pulping. Chiarello et al. (2016), who used steam explosion for
the pretreatment of E. urograndis chips obtained 219 L ethanol per ton
under the SHF configuration process, which was lower than that ob-
tained in this work for a similar pretreatment and fermentation config-
uration (246 L per ton). Recently, Trevorah et al. (2018) reported an
ethanol yield of 181 L per ton of E. obliqua sawdust pretreated by
organosolv using gamma-valerolactone.

Even though PSSF is commonly used when high solid loadings are
used during the enzymatic hydrolysis, the microorganism did not show
problems in the presence of insoluble solids and presented a comparable
performance during both the SSF and PSSF strategies, which could mean
an advantage at the industrial scale due to its easier characteristics of
use.

4. Conclusions

The steam explosion pretreatment of E. grandis sawdust at 200 °C for
10 min without NaOH impregnation was a suitable method for the re-
covery of XS in the hydrolysate and glucan in the pretreated solid. 76 kg
of XS per ton of eucalyptus sawdust were obtained, which were mostly
as xylose or XS with a DP of 4 or lower. The steam pretreated solid was
efficiently enzymatically hydrolyzed at a high solid loading (27%) with
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an enzyme dosage of 25 FPU/gglycan, Which allowed the acquisition of
enzymatic hydrolysates with a high glucose concentration (134 g/L).
High ethanol concentrations (75.6 g/L) and yields (259 L per ton of dry
raw sawdust) were obtained by the SSF configuration process, repre-
senting an attractive strategy compared to the others evaluated (SHF,
PSSF) for ethanol production from eucalyptus sawdust. The NaOH-
impregnation step did not show good results both in terms of XS re-
covery and enzymatic hydrolysis, probably due to the autohydrolysis
inhibition caused by the complete solubilization of the acetyl groups
during NaOH impregnation.
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