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Abstract: The pulp and paper industry faces an emerging challenge for valorising wastes and
side-streams generated according to the biorefinery concept. Eucalyptus globulus bark, an abundant
industrial residue in the Portuguese pulp and paper sector, has a high potential to be converted into
biobased products instead of being burned. This work aimed to evaluate the ethanol production from
E. globulus bark previously submitted to kraft pulping through separate hydrolysis and fermentation
(SHF) configuration. Fed-batch enzymatic hydrolysis provided a concentrated hydrolysate with
161.6 g-L ! of cellulosic sugars. S. cerevisize and Ethanol Red® strains demonstrated a very good
fermentation performance, despite a negligible xylose consumption. S. passalidarum, a yeast known
for its capability to consume pentoses, was studied in a simultaneous co-culture with Ethanol
Red®. However, bioethanol production was not improved. The best fermentation performance
was achieved by Ethanol Red®, which provided a maximum ethanol concentration near 50 g-L*1
and fermentation efficiency of 80%. Concluding, kraft pulp from E. globulus bark showed a high
potential to be converted into cellulosic bioethanol, being susceptible to implementing an integrated
biorefinery on the pulp and paper industrial plants.

Keywords: bioethanol; cellulosic sugars; enzymatic hydrolysis; eucalyptus bark; hydrolysate;
kraft pulp

1. Introduction

Over the last few decades, governments and energy authorities worldwide have
been pushing for a transition from fossil fuels to a circular bio-based economy [1]. Ac-
cordingly, regulations on greenhouse gas emissions and the burning of fossil fuels have
been implemented, imposing biofuels production goals and contributing to environmen-
tal sustainability [2]. The European Union established a Renewable Energy Directive II,
which would define a target of 3.6% of transportation fuels derived from advanced biofuels
in 2030, including bioethanol, biodiesel, biobutanol, biomethanol, among others. Biofu-
els production is being incentivized progressively to support their future utilization [3,4].

Currently, biomass is recognized as one of the most promising renewable resources
with high potential for replacing fossil fuels and their derived products due to its low
cost, sustainability, and worldwide availability when it does not compete with the food
chain [5,6].

Overall, pulp and paper production are among the largest industries and, undoubtedly,
the major consumer of woody biomass [7,8]. This sector is crucial for the socio-economic de-
velopment of Portugal, a country characterized by a high forest area [9]. Eucalyptus globulus
is the most widely used wood source in the Portuguese pulp and paper sector, which ac-
counted for an area of 812,000 ha in 2016 [9-11]. The main competitive advantages of this
species include its fast-growing rate and great adaptability to soils and climates. Moreover,
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it has high cellulose coupled with low lignin content, which results in a high pulping
yield [2,10-13].

The circular economy model has redefined economic and industrial practices by
promoting sustainable waste management through recycling, reuse, extended life cycle,
and residues as raw materials to produce value-added products [5,14,15]. Therefore,
the pulp and paper industry has started to move its processes towards upgrading the
wastes, sub-products, and side-streams generated during all the process stages [11,16-18].
During the wood handling step, the bark is removed from the tree logs since its presence
negatively impacts the yield of the pulping process, compromising the quality of the pulp,
leading to extended cooking times and higher bleaching chemical requirements [19-21].
The stem is composed of about 11-15% of bark (dry weight basis), which results in the wide
availability of this industrial residue [10,22]. According to Neiva et al. [22], about 0.5 Mton
of E. globulus bark was generated in Portugal in 2017. Considering the low economic value
of bark coupled with its chemical complexity, this industrial residue is usually burned
for energy and steam generation or even just left in the forest for soil nutrition [10,19].
Nevertheless, to foster sustainability, some other potential routes for upgrading bark into
value-added products are welcome within the circular economy model. The production
of cellulosic sugars is one of the target alternatives, which can feed the promising sugar-
based platform for biochemicals and biofuels, namely bioethanol [10,11,23]. The absence of
bioethanol production for transport fuel in Portugal is another driving force and motivation
for focusing on this valorization route [24]. For full exploitation of this raw material, it
could be considered the separation of the polyphenolic fraction before converting the
carbohydrates and according to the literature, this extraction can be performed without
compromising the polysaccharides fraction in future research. The polyphenolic fraction
has potential application in cosmetics, pharmaceutical, and food industries since it exhibits
anti-inflammatory, antioxidant, antimicrobial, and antibacterial properties [11,12,25-27].
The fractionation of the main components of bark for further valorisation is one of the basic
principles of the biorefinery approach [28,29].

The conversion of E. globulus bark into cellulosic sugars involves two main stages:
pretreatment and hydrolysis. For this purpose, the kraft process can be considered as a
chemical pretreatment since it is a well-known efficient delignification technology [30].
The primary purpose of enzymatic hydrolysis is to convert carbohydrates fraction into
simple fermentable sugars using a specific combination of enzymes already available as
a commercial consortium of enzymes. For bioethanol production, an alcoholic fermen-
tation step is required to convert sugars through the metabolic activity of ethanologenic
microorganisms [7].

Implementing this industrial residue’s valorization pathway into the pulp and paper
mill plant contributes to the promising approach of an integrated biorefinery. This would
increase revenues, expand the portfolio of products, and boost the market opportuni-
ties supporting the circular economy model [7,31-33]. Moreover, this sector already has
industrial facilities and logistics well-established, which is a competitive advantage [11,34].

The present work aims at evaluating the E. globulus bark kraft pulp fed-batch hy-
drolysate’s fermentability using some ethanolic yeasts through a separate hydrolysis and
fermentation (SHF) configuration. For this purpose, the hydrolysate rich in cellulosic sugars
obtained through a fed-batch strategy was submitted to a set of experiments on Erlenmeyer
flasks with S. cerevisize and Ethanol Red®. Then, since S. passalidarum was already reported
as a strain naturally able to ferment pentoses besides hexoses, the simultaneous co-culture
of Ethanol Red® and S. passalidarum was assessed aiming to maximize the consumption
of all sugars present in the hydrolysate, namely xylose. Finally, the fermentation ability
of S. passalidarum was evaluated in both hydrolysate and synthetic media. Despite all the
research conducted regarding bioethanol production, to our knowledge, this is the first
time that E. globulus bark previously submitted to a kraft pulping process is converted into
bioethanol through an SHF configuration. In general, there is a scarcity of works published
related to the valorization of eucalyptus bark for bioethanol production. Furthermore, it is
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also the first time a co-culture strategy involving both Ethanol Red® and S. passalidarum
strains is reported. The results of this research could contribute to evaluating the feasibility
of converting pulp and paper mills into biorefineries, taking advantage of kraft pulping as
a pretreatment method. This conversion route gives a more sustainable bark application
present in this sector in a considerable amount.

2. Materials and Methods
2.1. Kraft Pulp

Unbleached kraft pulp from Eucalyptus globulus bark was kindly provided by The
Navigator Company and RAIZ—Instituto de Investigagao da Floresta e do Papel (Eixo,
Portugal). The chemical composition of the raw material, namely its carbohydrates and
lignin contents, was determined according to NREL standard protocols.

2.2. Enzymatic Hydrolysis

Enzymatic hydrolysis assays were performed under fed-batch operational mode
using a commercial cellulases consortium kindly provided by The Navigator Company
and RAIZ—Instituto de Investigacdo da Floresta e do Papel. The filter paper unit (FPU)
activity of this commercial mixture was determined as 168.7 FPU-mL!, whose analysis
was based on the NREL standard procedure. An enzymatic load of 25 FPU gcarbohydrates_l
was selected for this work.

The experiments were conducted for 24 h, with a stirring rate of 150 rpm, at 50 °C, us-
ing 0.05 M sodium citrate buffer, maintaining the pH between 4.5 and 5.5 (adjusted through
the addition of HySO4 2M and NaOH 2M solutions). A fed-batch approach was followed
with an initial solids loading of 11% (w/v) based on the total working volume (3 L), where 3%
fresh solids were fed consecutively every 2 h until achieving a final concentration of 20%
(w/v). The commercial enzymatic mixture was fed all at once initially. All the hydrolysates
were mixed for homogenization, centrifuged for 1 h at 5000 rpm and 4 °C (Megafuge 16R,
Thermo Scientific, Osterode am Harz, Germany) and, finally, sterilized by autoclaving at
121 °C for 20 min (Uniclave 88, AJC, Cacém, Portugal). The resulting hydrolysate was
analysed by HPLC and kept frozen.

2.3. Microorganisms

Saccharomyces cerevisiae PYCC 5246 (ATCC 24860) described as able to consume xylose
was gently supplied by Portuguese Yeast Culture. Ethanol Red® was kindly provided by
Leaf by Lesaffre Advanced Fermentations (Marcq-en-Baroeul, France). Spathaspora passal-
idarum CBS 10155 (NRRL Y-27907) was purchased at the Westerdijk Fungal Biodiversity
Institute (Utrecht, The Netherlands). These strains were grown at 28 °C and maintained at
4 °C on Petri dishes with solid yeast medium (YM) composed of 10 g-L~! glucose, 5 g-L~!
peptone, 3 g-L ! malt extract, 3 g-L~! yeast extract, and 20 g-L.~! agar.

2.4. Pre-Inoculum and Inoculum

Pre-inoculum was prepared by transferring a colony from a maintenance YM Petri
dish to 10 mL liquid YM (similar to solid YM, except agar) and was incubated for 24 h at
28 °C and 180 rpm. The inoculum was prepared by transferring the exact volume of pre-
inoculum to fresh liquid YM, which guarantees an ODgyg nm of about 0.400. The inoculum
was incubated at 28 °C and 180 rpm for 14 h. These procedures were carried out in
duplicate.

2.5. Fermentation

Fermentation assays were carried out in duplicate using 250 mL Erlenmeyer flasks
with a working volume of 100 mL, incubated at 28 °C and 180 rpm. Fermentation media
was composed by 85% (v/v) hydrolysate, 10% (v/v) inoculum, and 5% (v/v) of supplementa-
tion composed by 2.0 g-L~! (NHy),HPOy, 1.0 g-L~! (NH4),S04, 0.5 g-L~! MgSO,-7H,0,
and 2.5 g-L~! yeast extract. Sampling was made during the operational time of assays.
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2.6. Analytical Methods

The pH of the samples was measured using an electrode InPro 3030/200 (Met-
tler Toledo, Columbus, OH, USA) connected to a benchtop meter sensION+ MM340
(Hach, Loveland, CO, USA).

Biomass was monitored by measuring optical density at 620 nm (UVmini-1240,
Shimadzu, Tokyo, Japan) and converted into concentration using a calibration curve.

High-performance liquid chromatography (HPLC) was used to quantify glucose,
xylose, ethanol, and glycerol. After properly diluted centrifuged and filtered for 8 min
at 8000 rpm (Eppendorf, Hamburg, Germany), samples were injected by autosampler
L-2200 (MiniSprin centrifuge, Hitachi, Ltd., Chiyoda, Japan) on a Rezex ROA-Organic Acid
H+ (8%) 300 x 7.8 mm ion-exchange column (Phenomenex, Torrance, CA, USA) at 65 °C
(oven Gecko 2000, CIL Cluzeau, Sainte-Foy-la-Grande, France) and detected by a refraction
index detector L-2490 (Hitachi, Chiyoda, Japan). The injection volume was 10 pL and the
eluent used was H,SO4 0.005 N, with a flow rate of 0.500 mL-min~! (pump L-2130, Hitachi).
A standard calibration curve was used for the determination of metabolites concentration.

2.7. Calculations

The theoretical glucose concentration ([Glucose]ieoretical) cOrresponds to the mass of
glucose if the cellulose present in the kraft pulp would be fully hydrolyzed in glucose. It was
calculated from the mass of cellulose present in the pulp (% Cellulose X #carbohydrates) and
from the maximum theoretical hydrolysis yield of glucose (Yglucose/cellulose) (Equation (1)).
Similarly, theoretical xylose concentration ([Xyloseleoretical) Was calculated considering the
mass of hemicelluloses (% Hemicelluloses X Mcarpohydrates) and the maximum theoretical

Yield of Xylose (nylose/ hemicelluloses) (Equation (2):

[Glucose} theoretical — % Cellulose x mcarbohydrates X Yglucose /cellulose (1)

[Xylose]theoretical = % Hemicelluloses x mcarbohydrates X nylose/ hemicelluloses (2)

The hydrolysis yield (Ynydrolysis), Was calculated using Equation (3) by the ratio be-
tween the sum of glucose ([Glucose]hydrolysate) and xylose ([Xylose]nydrolysate) concentra-
tions evaluated in the hydrolysate and the sum of respective theoretical concentrations
([Glucoseliheoretical + [Xyloseltheoretical) ON the kraft pulp predicted by their chemical com-
position:

[Glucose]hydrolysate + [Xylose]hydrolysate

Yhydrolysis (% theoretical) = [Glucose] yooreeat + [XyloSE]

x100  (3)

theoretical

The maximum specific growth rate (h~!) corresponded to the linear regression slope
of plotting the natural logarithm of biomass concentration versus time during the exponen-
tial phase.

The volumetric rate of glucose consumption (g-L~!-h~!) was calculated from the
module of the slope of the linear regression of glucose concentration over time.

The volumetric ethanol productivity (Prod,,;) was calculated based on Equation (4),
considering the differences (A) from the beginning of the fermentation until the maximum
ethanol concentration was reached:

A[Ethanol]

g7 1 . -1 f—
Prody (g L Lh ) N @)
The ethanol yield (Yethanol/substrate) Was calculated according to Equation (5), consid-

ering glucose and xylose as substrates and the maximum ethanol concentration achieved.
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Glucose, xylose, and ethanol concentration differences were calculated in the previously
referred time period:

_ A[Ethanol
Yethanol/ substrate (g ‘g 1) = A[‘[Substmtgz] (5)

The conversion efficiency of the fermentation was calculated by Equation (6), consid-
ering the maximum theoretical ethanol yield of 0.511 g-g~! [33]:

_ Yethanol /substrate

Conversion efficiency (%) = o511 % 100 (6)

3. Results and Discussion
3.1. Chemical Characterization of the Bark Kraft Pulp

The major components of E. globulus kraft pulp were cellulose (79.8 £ 3.8 wt %)
and hemicelluloses (15.5 £ 0.6 wt %), representing a fraction of carbohydrates up to
90 wt %. Total lignin content was only about 2.6 wt % since the industrial kraft process is
an efficient chemical delignification process to obtain polysaccharides fibers for pulp and
paper final products.

3.2. Enzymatic Hydrolysis

Enzymatic hydrolysis using a fed-batch strategy enabled a high solids loading (20%),
which resulted in the maximum concentration of cellulosic sugars of 161.6 g-L~!. However,
a relatively low hydrolysis yield (66.8%) was achieved, which can be related to some
technical issues, namely operation reaction time, mass and heat transfer phenomena, poten-
tial inhibition of the enzymatic activity due to the high sugars concentration, accumulation
of inhibitory compounds, among others [35-38]. In the future, a more extended sacchari-
fication period should be applied to improve the process efficiency, as already found by
Gomes et al. [29].

3.3. Fermentation to Bioethanol
3.3.1. Fermentation by S. cerevisine

The fermentation of hydrolysate (from fed-batch saccharification) by S. cerevisiae was
assayed in Erlenmeyer flasks and profiles of biomass, glucose, xylose, and ethanol are
presented in Figure 1. Two complementary experiments were carried out, attempting to
assess the complete concentration profiles of the experiment. This fermentation was carried
out using a working volume of 100 mL at 180 rpm and 28 °C.

The lag phase lasted ca. 5 h, when glucose consumption for biomass growth and
ethanol production started to be detected. Biomass concentration increased exponentially
with a specific growth rate of 0.151 £ 0.012 h~!. Most of the glucose was consumed during
this period, with a volumetric consumption rate of 5.99 + 0.38 g-L~!-h~! (calculated be-
tween 8 h and 25.5 h).

Even using a S. cerevisiae strain described as able to consume a slight amount of
xylose [39], only a slight decrease was noticed. However, most of the xylose remained in
the medium at the end of fermentation and its contribution to ethanol production was
not remarked. The maximum ethanol concentration, 49.7 = 0.1 g-L’l, was achieved after
27 h of fermentation, which corresponds to a conversion efficiency of 76.7 &+ 1.1% and a
productivity of 1.84 & 0.00 g-L~!-h~!. It was noticed synchrony between the maximum
ethanol concentration and glucose depletion at 27 h of fermentation.

As already described for alcoholic fermentation, some residual glycerol was produced,
achieving a maximum concentration of 2.27 4 0.14 g-L ! at the end of the assay. The most
relevant parameters that influence glycerol formation include the yeast strain and envi-
ronmental factors, namely pH, temperature, oxygen, and composition of the fermentation
medium [40-42].
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Figure 1. Evolution of glucose, xylose, ethanol and biomass concentrations for S. cerevisiae fermentation (100 mL, 180 rpm

and 28 °C).

Regarding pH, a slight decrease from 4.79 to 4.24 was observed during the assay.
The carbon dioxide released during the process is in balance with carbonic acid when
in an aqueous solution, which is the main responsible for the decrease of the pH [43,44].
This drop-in pH was not as pronounced as that observed by Branco et al. [39] with kraft
wood pulps hydrolysate. Besides the difference in hydrolysates raw material, also the hy-
drolysate content in the fermentation medium was different: 85% (v/v) in the present work,
which represents an increase of 20% (v/v) compared to that performed by Branco et al. [39].
A more concentrated bark kraft pulp hydrolysate could intensify a buffer capacity, improv-
ing yeast performance.

Some authors have been evaluating kraft pulping as a potential pretreatment for
lignocellulosic feedstocks for bioethanol and, in Table 1, a comparison of S. cerevisiae
fermentation parameters using different raw materials is presented.

Monrroy et al. [45] studied the effect of several kraft cooking conditions, namely time,
temperature, and active alkali charge on the fermentation yield. The authors demonstrated
that the highest severity of kraft pulping allowed to reach the highest lignin removal
of about 78%. Ethanol was produced with concentrations ranging from 30 to 38 g-L 1,
corresponding to conversion efficiencies between 65% and 78% (wood basis). Accordingly,
these authors proved that the kraft process was a promising pretreatment for E. globulus
wood bioethanol production through simultaneous saccharification and fermentation (SSF)
strategy [45]. Similarly, Wistara et al. [46] concluded that the bioethanol production from
bleached kraft Jabon (Anthocephalus cadamba Miq) wood pulp is highly dependent on lignin
content, achieving a significantly higher performance for a degree of delignification above
90% (corresponding to a Klason lignin content of 1.5% or even lower) [46].

The fermentability of hydrolysates derived from seven kraft pulps (two poplar species,
aspen, beech, birch, bleached pine pulp, and unbleached pine pulp) was evaluated by
Buzata and co-workers [47] in a 15 L bioreactor using an SHF configuration. The authors
achieved yields from 0.11 to 0.20 g-gdry weight wood ! and found that the discrepancy in
ethanol production was due to the presence of inhibitory compounds, botanical origin,
and residual lignin content from the feedstocks [47].

Recently, Branco et al. [39] proved that the unbleached kraft pulp of E. globulus using an
SHF configuration showed a high performance regarding ethanol production by S. cerevisiae
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ATCC 24860. At Erlenmeyer-scale, a maximum ethanol concentration of 19.81 4- 0.15 g-L~!
and a productivity of 2.01 4- 0.01 g-L~!-h~! were produced, corresponding to a conversion
efficiency of 88.3 £ 1.7% [39]. It was found that the present work showed a delay in glucose
exhaustion and maximum ethanol concentration (27 h instead of 8.9 h) comparatively to
the assay performed by Branco and co-workers [39]. Probably, this delay is due to the
about 3-fold higher initial glucose concentration achieved through a fed-batch approach
followed in the enzymatic hydrolysis step. Accordingly, it was clear that the E. globulus
bark showed slightly lower productivity and conversion efficiency than the work carried
out by Branco et al. [39] using good quality wood. In general, the chemical composition of
bark diverges from wood regarding its lower concentration of carbohydrates and higher
content of ash and extractives [10,48]. Consequently, the mass of ethanol that potentially
can be produced from a dry metric tonne of bark is lower than that from wood [48].

Similarly, ethanol production in SSF operation mode from unbleached kraft pulp by S.
cerevisiae ATCC 26602 and K. marxianus NCYC 1426 strains was studied by Mendes et al. [49].
According to the reported results, the fed-batch SSF process at Erlenmeyer scale using S.
cerevisiae allowed obtaining a significantly high ethanol concentration (55.3 + 0.3 g L™1).
The maximum ethanol concentration was achieved after 79 h, which corresponds to the
productivity of 0.70 g-L~! h~!. The conversion efficiency was 64.9% of the theoretical
value [49]. Although a slightly higher ethanol concentration was reached, lower productiv-
ity and conversion efficiency were obtained compared with the present work.

Edgardo et al. [50] also studied the SSF process using isolated S. cerevisiae IR2-9a,
which demonstrated the ability to work at temperatures above 35 °C. This thermotolerant
strain’s performance was confirmed by subjecting bleached kraft pulp obtained from Pinus
radiata chips to the SSF process, which resulted in ethanol concentration and conversion
efficiency of 28 g L~! and 62%, respectively [50].

Guigou et al. [34] subjected sawdust from Eucalyptus grandis to several combined
pretreatments. An autohydrolysis (170 °C for 40 min, severity factor of 3.66) followed
by kraft pulping (90 min and 3.4% active alkali) achieved the best enzymatic hydrolysis
efficiency of 95 & 2%. Regarding the fermentation stage using S. cerevisiae PE-2 through
a pre-saccharification and fermentation (PS-SSF) strategy, this pretreated raw material
reached a maximum ethanol concentration of 57 g-L.~!, which corresponds to 81% of
the theoretical yield and a productivity of 1.20 g-L~!-h~!. By solubilizing more than
95% of the original lignin content, Kraft pulping contributed significantly to improving
the performance of the fermentation process [34]. These results were similar (both in
ethanol concentration and conversion efficiency) to those obtained in the present work
with E. globulus bark without using the additional step of autohydrolysis.

Table 1. Summary table with the fermentation parameters of some studies involving the fermentation of kraft pulps from

various raw materials using S. cerevisiae strain.

Feedstock Yeast Strain ((Z)o I:Ij;tii:;ls Conf [E(tg(.)]{{f] f;ax (g.LIir;). (111,1) Yethanol/substrate ~ Ref.
fﬁggfg}l;ii A%gggfjé‘;% 15381‘;m SHF 19814015 2014001 03 }.770 [39]
kraft pulp 100 mL theoretical

E.gobulus S cereoisiae g :pCm Fed-batch SSF 553 + 0.3 070 64.9% [49]
kraft pulp ATCC 26602 100 mL ’ ’ ' theoretical

E. globulus S. cerevisiae 1;8 :pCm SSF 30.0-38.0 NS 0.168-0.202 [45]
kraft pulp IR2T9 ' ’ o 8 8dry wood 1+

9 h
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Table 1. Cont.
. Operation [EtOH] Prod
Feedstock Yeast Strain CoI; ditions Conf (g-L*f;ax (gL 1h-1) Y ethanol/substrate Ref.
Jabon o _ o
bleached . cerevisiae e SSF NS. NS. (3'/83 16:39% bl
kraft pulp d.w. pulp
25°C
Seven kraft S. cerevisiae 48 h SHF N.S. N.S. 0'11_0'20§1 [47]
p]‘ﬂps 15L &d.w. wood
35°C
E. grandis S. cerevisiae 150 rpm o
sa{"N - PE 100 r}r)lL PS-SSF 57.0 1.20 81% theoretical [34]
48h
leéilimzmm S. cerevisiae 40°C
bleac};ed . IR2-9a 150 rpm SSF 28 0.39 62% theoretical [50]
kraft pulp 72h
E. globulus .
T NS. SSF 5.67 0.032 0042278 [51]
kraft pulp 8dry wood
Industrial E. 28 °C
globulus bark  S. cerevisiae 76.7 £ 1.1% .
unbleached ATCC 24860 1150% rpm SHF 49.7 £ 0.1 1.84 £+ 0.00 theoretical This work
mL
kraft pulp

“Conf” stands for configuration; “N.S.” stands for not specified.

3.3.2. Fermentation by Ethanol Red®

Ethanol Red® is an industrial yeast strain designed for high sugar and ethanol tolerance,
high resistance to temperature, and notable fermentation ability [52,53]. Kossatz et al. [52]
already reported the high ethanol tolerance, up to 90 g-L~!, of this strain. An Erlenmeyer
flask fermentation assay with Ethanol Red® (Figure 2) was carried out to evaluate its
capability to ferment the hydrolysate from E. globulus bark kraft pulp. Two complementary
experiments were performed, attempting to assess the complete concentration profiles of
the experiment.

140.0 60.0
120.0 50.0
— o
=, 100.0 ©0
) 40.0 &
~— 12
Y ®
2 80.0 =
= 2
3 30.0 2
a-] ©
< 60.0 <
© ©
o =
2 200 2
S 400 &
G} &
20.0 € . 10.0

: ¥ 2
0.0 ————0—0—0— 0.0
0.0 5.0 10.0 15.0 20.0 25.0 30.0
Time (h)
=== Glucose ==@==Xylose ==@==Ethanol Biomass

Figure 2. Evolution of glucose, xylose, ethanol, and biomass concentrations for Ethanol Red®
fermentation (100 mL, 180 rpm, and 28 °C).
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At the beginning of the assay, the fermentation media was composed of 119.0 g-L ! of
glucose and 21.7 g-L~! of xylose. The cell adaptation period took approximately 5 h, fol-
lowed by glucose consumption for growth and ethanol production. Biomass concentration
increased exponentially with a specific growth rate of 0.196 + 0.009 h~?, indicating faster
growth than S. cerevisiae in the previous assay. The evolution of biomass and ethanol
concentrations followed a similar trend.

The glucose consumption was fast, following the biomass growth, and was depleted
at 21 h. A slight decrease in pH was observed alongside the experiment from 4.77 to
4.15. The volumetric ethanol rate was 9.19 £ 0.30 g-L~!-h~! (calculated from 8 h to
19 h), representing a significant improvement compared to the previous S. cerevisiae assay
(5.99 + 038 g-LL-1-h~1). Regarding xylose, a reduced amount was consumed without
contributing to ethanol production. The Ethanol Red® strain proved to be more efficient
and robust than S. cerevisiae with a slight decrease in glycerol formation (2.1 & 0.1 g-L™1).

The maximum ethanol concentration of 50.8 + 0.5 g-L.~! was achieved after 20.5 h,
corresponding to the productivity of 2.48 4 0.02 g-L~!-h~! and 81.0 & 0.6% of the theo-
retical ethanol yield, based on consumed sugars. Although this strain was designed for
starch-based raw materials [54], Ethanol Red® demonstrated successful performance in
this assay, achieving a significant improvement regarding the productivity of the process
compared to the previous strain. Furthermore, this range of concentration is higher than the
minimum value required for the ethanol distillation (>40 g-L~'), allowing the production
process to be considered with economic feasibility [35,36].

Works regarding the conversion of E. globulus bark into bioethanol are scarce. Re-
cently, Gomes et al. [29] pretreated E. globulus bark through hydrothermal pretreatment.
Two different strategies were used for bioethanol production from the autohydrolysed
solid: SSF and PS-SSF. At 15% of solids loading, both approaches without supplementation
obtained a similar fermentation performance. An ethanol concentration of around 25 g-L ™!
was achieved, which corresponds to a conversion efficiency of 55%. However, comparing
both configurations, it was found that SSF was doubled in terms of productivity [29].
The highest ethanol production, about 38 g-L~!, was achieved using the PS-SSF approach
with a solids loading of 17.5%, an extended pre-saccharification period of 48 h, and using
a supplementation solution. The conversion efficiency and productivity corresponded to
73% and 0.52 g-L~1-h~1, respectively. Compared to the present work, the authors added
a high concentration of peptone and yeast extract, 20 g-L~! and 10 g-L~, respectively,
which might hinder the economic viability of the process on a commercial scale. The yeast
extract concentration was about 4-fold higher than the one utilized in the present work even
though the productivity was nearly four times lower [29]. These results are summarized in
Table S1 (Supplementary Materials).

Some other studies focused on the fermentation performance of bark derived from
other wood species. Kemppainen et al. [26] studied the fermentability of the spruce bark
subjected to three different pretreatments: steam explosion (SE), hot water extraction
(HWE), and sequential HWE and SE. HWE and the sequential method led to a similar
hydrolysis yield of about 60%. The sugar mixture obtained after HWE and enzymatic
hydrolysis was fed to a fermenter, with a working volume of 1.5 L and a consistency of
15%, resulting in 18.3 g-L~! of ethanol and conversion efficiency of 62.3% [26]. The use of
mixtures of woodchips with different spruce bark ratios as the substrate for bioethanol
production using Ethanol Red® was investigated by Franké and colleagues [55]. These mix-
tures were subjected to SO,-catalysed steam pretreatment carried out at 210 °C for 5 min.
The liquid fractions were subjected to both process configurations, SHF and SSF. Regardless
of the bark content, SSF proved to be more efficient, considering the overall efficiency of
the process. The range of ethanol concentrations reported for the SSF process varied from
20.9 g-L 7! to 45.8 g-L~! for the proportion of bark from 100% to 0%, respectively. There-
fore, an increase in the bark content negatively affected the ethanol conversion efficiency,
probably due to a decreased hydrolysis capacity since the recovery of sugars in the liquid
fraction decreased [55].
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3.3.3. Fermentation Using Simultaneous Co-Culture of Ethanol Red® and S. passalidarum

According to the previous results, xylose was almost not consumed by the tested yeast
and did not contribute to ethanol production. Therefore, aiming to ferment all the sugars
present in the hydrolysate, a simultaneous co-culture strategy using Ethanol Red® and
S. passalidarum was followed (Figure 3). S. passalidarum is a native xylose-fermenting yeast,
recognized as a promising candidate for the fermentation of bioethanol from lignocellulosic
hydrolysates [56,57].
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Figure 3. Evolution of glucose, xylose, ethanol and biomass concentrations for co-culture of Ethanol Red® and S. passalidarum
fermentation (100 mL, 180 rpm and 28 °C).

After 10 h of fermentation, around 60 g-L~! of glucose was still present in the medium,
being depleted before 24 h.

Regarding xylose, only 4 g-L~! between 10 h and 24 h of the fermentation were
consumed. However, it did not improve ethanol production since the maximum ethanol
concentration of 46.4 + 1.7 g-L~! was detected at 24 h, corresponding to a productivity
of 1.93 + 0.07 g-L~-h~! and conversion efficiency of 78.8 4 3.2%. This performance
was slightly worse than the observed in the previous assay where Ethanol Red®® was
cultivated alone. Bonan et al. [58] referred catabolic repression and Farias et al. [59] reported
xylose-fermenting yeasts as following the diauxic growth mechanism where the presence of
glucose represses the enzymatic system of xylose assimilation preventing its consumption
before glucose exhaustion. They also reported that the growth of S. passalidarum is much
slower than S. cerevisiae and justified their lower productivity on simultaneous co-culture
with high ethanol concentration when glucose was exhausted [58,59]. Based on these
results we can conclude that in our work S. passalidarum certainly has started to consume
glucose to grow and when the exhaustion of glucose occurred as there was already a high
ethanol concentration (46.4 + 1.7 g-L~1), inhibition of S. passalidarum prevented xylose
fermentation [57].

A sequential co-culture could be an alternative to minimize this repression of xylose
consumption. However, it is important to note that for a successful approach, it would be
necessary to apply an additional step to recover the ethanol due to the low tolerance of
xylose-fermenting yeast [57]. This strategy has been proposed for the sequential co-culture
of S. cerevisiae and S. stipitis, the most recurrent combination [60]. Furthermore, it might
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be recommended to adjust the time at which the fermentation medium is inoculated to be
possible to identify the moment in which glucose exhaustion occurs.

No studies were found in the literature using a simultaneous co-culture of both Ethanol
Red® and S. passalidarum strains. As previously mentioned, Farias and Filho [59] carried out
a co-culture experiment using S. cerevisiae and S. passalidarum Y-207907 strains for bioethanol
production from a hemicellulosic hydrolysate. The sugarcane bagasse hydrolysate was
mainly composed of xylose (94.39 g-L. 1), glucose (12.22 g-L~1), arabinose (8.01 g-L 1),
cellobiose (2.12 g-1.71), and acetic acid (5.47 g-L.~!). The hydrolysate was supplemented
with molasses to a 50:50 (w/w) ratio to reduce the inhibition caused by the high acetic
acid concentration. Besides, molasses simultaneously supplemented the culture medium
and provided a higher buffering potential. Moreover, yeast extract, malt extract, mineral,
and trace elements were added to the fermentation medium. Despite a considerable
reduction in the xylose uptake rate was observed (compared to monocultures), the co-
culture combination led to the complete exhaustion of reducing sugars. This fact could be
related to the competition for oxygen and the faster production of ethanol by S. cerevisiae.
The increase of initial sugars concentration from 50 to 100 g-L~! resulted in a minimum
increment of about 6 g-L~! on ethanol production. A maximum ethanol concentration
of 30.2 g-L ! and a productivity of 4.44 g-L~!-h~! were reached for an initial sugars
concentration of 100 g-L~!. In terms of conversion efficiency, these values correspond to
61.0%, representing a reduction of about 40% relative to the assay with an initial sugars
concentration of 50 g-L~!. Accordingly, it was found that the higher the initial sugars
concentrations, the lower the yield of the fermentation process what certainly points to an
inhibitory effect. Furthermore, this increase in sugars concentrations leads to a longer time
required to consume all the sugars and, consequently, to conclude the fermentation process.
The monoculture assay using S. passalidarum achieved a similar ethanol concentration to the
co-culture with an initial sugars concentration of 100 g-L.~!. However, monoculture resulted
in a residual concentration of sucrose and a decrease in productivity was observed [59].
The co-culture using a respiratory deficient mutant of S. cerevisiae and S. passalidarum
improved the fermentation performance, achieving a maximum ethanol concentration of
about 37 g-L~1. Some possible reasons pointed out by the authors included no occurrence
of ethanol reassimilation and all the oxygen availability in the medium to S. passalidarum
pentoses fermentation since S. cerevisize mutant strain had not respiratory ability. However,
the authors noticed that xylose was consumed at a slow rate, which seems to be more
pronounced in fermentation medium when high mixed sugars concentrations are used [59].
These results are summarized in Table S2 (Supplementary Materials).

3.3.4. Fermentation Using S. passalidarum Monoculture

A monoculture assay of S. passalidarum was carried out to evaluate its fermentation
performance using fed-batch hydrolysate. Surprisingly, it was not detected any bioethanol
production and the low sugars consumption registered, nearly 13% (data not shown), prob-
ably was only used as the carbon source for any biomass cell growth detected over the assay.
Biomass concentration increased with a reduced specific growth rate of 0.070 + 0.007 h~1,
attaining a low maximum concentration of 3.83 + 0.04 g-L.~! at the end of the fermenta-
tion process.

At the end of the assay (after about 30 h), glucose concentration was still quite high
(up to 100 g-L~1), while xylose remained almost constant. Glycerol was detected at a
negligible level.

Considering the weak performance, the fermentability of S. passalidarum was at-
tempted in synthetic media, mimicking the sugars concentration in hydrolysate, to evaluate
if inhibition occurred by any bark hydrolysate inhibitor effect or by a high concentration
of substrate. Indeed, no studies were found in the literature reporting S. passalidarum
fermentation using this range of sugars concentrations (about 115 g-L~! and 20 g-L~! of
glucose and xylose, respectively). Furthermore, it was found that most published works
used feedstocks in which the concentration of xylose was higher than glucose (Table S3,
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available in the Supplementary Materials) [58,61,62]. In contrast, the hydrolysate used in
this work had a glucose concentration of about 5-fold higher than xylose.

An assay with synthetic media SM1 was carried out with an initial concentration
similar to the hydrolysate of 114.2 g-L~! and 21.2 g-L~! of glucose and xylose, respec-
tively (Figure 4). Only 31% of the initial glucose concentration was consumed, whereas xy-
lose remained unchanged. Although it was detected the presence of some ethanol, its max-
imum concentration was only 8.4 & 1.0 g'L_l, which is underperforming. Glycerol was
formed, achieving a maximum concentration of about 0.95 g-L 1.
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Figure 4. Evolution of glucose, xylose, and ethanol concentrations for S. passalidarum fermentations using synthetic media
SM1, SM2, and SM3 (100 mL, 180 rpm, and 28 °C).

The increase in the biomass concentration was quite significant, attaining its maximum
of 9.08 4 0.47 g-L~!, which was more than 2-fold higher compared to the assay using
hydrolysate. According to Souza et al. [63], a high carbon-nitrogen ratio may promote
fermentation metabolism instead of cell growth. Nonetheless, this ratio was neither con-
trolled or monitored during these assays. Furthermore, the hydrolysate may contain certain
inhibitory compounds that are suppressing both growth and fermentation metabolic activi-
ties. Hou and Yao [64] described S. passalidarum as yeast with a low tolerance to inhibitors
typically coming from pretreated feedstocks derived from lignocellulosic biomass as fur-
fural and hydroxymethylfurfural (HMF) [64]. Du et al. also reported that S. passalidarum
showed a weaker robustness and stress tolerance than K. marxianus CICC 1727-5 after
submitting both of them to a saccharification co-fermentation process using non-detoxified
acid-pretreated corncob [65]. Acetic acid, traditionally released on lignocellulosic pretreat-
ments, can negatively impact fermentation performance by reducing specific growth rate,
sugar consumption uptake, and the extension of the cell adaptation period if it is present
in concentrations between 2 and 5 g-L~! [57,66]. Many authors directed efforts to improve
fermentation performance and inhibitor tolerance of this yeast [58,62,64,67-70].

During this assay, the pH dropped over time from 6.02 to 2.73. The sharp pH drop on
the assay using synthetic media supports the hypothesis related to hydrolysate’s buffer
capacity. It is important to emphasize that such low pH certainly caused some inhibitory
effect on the yeast’s metabolic activities, whose optimal activity generally requires pH,
around 5 [59,64]. Farias and Filho [59] emphasized the importance of keeping a pH of
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around 5.0 to avoid cell growth inhibition and ensured this condition through the addition
of molasses.

An additional assay using synthetic media SM2 was carried out with S. passalidarum
(Figure 4), which corresponds to about half of the initial concentration of glucose and
xylose present in the hydrolysate (60.3 g-L~! and 11.7 g-L ™!, respectively). Glucose was
consumed at a rate of 1.22 + 0.07 g-L~!-h~!, which indicates that its exhaustion would
require about 46 h. At the end of the process (after 30 h), around 60% of the initial
glucose was consumed, which represents about 2-fold compared to the previous assay.
Glycerol minimal production was detected, but its concentration was even lower than
the reported in the previous assay. In terms of biomass, its maximum concentration was
about 6.68 & 1.95 g-L 1. This assay achieved a slightly higher bioethanol concentration of
11.2 + 0.4 g-L~! and a productivity of 0.47 + 0.01 g-L=1-h~1.

In the following experiment, a fermentation assay by S. passalidarum strain was per-
formed using synthetic media SM3, mimicking a quarter of the initial concentration of
glucose and xylose in the hydrolysate, about 31.6 g-L.~!, and 5.9 g-L 1, respectively.

According to Figure 4, the profile of ethanol concentration was similar for the three assays
using synthetic media. The maximum ethanol concentration using SM3 (9.7 + 0.2 g-L~!) was
slightly lower than in the previous assay, even though the initial sugar concentration was
reduced by about half. Furthermore, it was found that the higher the initial concentration
of sugars, the longer is the delay in the fermentation stage. For SM1, a slight decrease in
glucose concentration was only observed after 25 h of fermentation. This time was reduced
about five-fold in the SM2 assay, whose initial concentration is about half. Comparing both
SM2 and SM3 assays, it was noted that there was no need for an adaptation period in the
latter, observing a sharp decrease in glucose concentration soon 2 h after the beginning
of the process. Accordingly, it is demonstrated that a high initial substrate concentration
inhibits S. passalidarum. These results corroborate those reported by Farias and Filho [59].

Among all the assays carried out with S. passalidarum using synthetic media, SM3 was
the only one where glucose depletion occurred. Although glucose exhaustion was only
detected at 24 h of fermentation, it is estimated that it occurred around 15 h, assuming the
constant consumption rate of 2.38 + 0.25 g-L~!-h~! calculated from 3 h until 9.5 h. Re-
garding xylose, its consumption was more evidenced using SM3. According to the xylose
concentration profile presented in Figure 4, it remained almost constant until nearly 10 h of
the process when there was still about 10 g-L~! of glucose in the fermentation medium.
At 24 h of fermentation, glucose had already been exhausted, and xylose concentration
was about 1 g-L~!. Although the xylose present in the media was almost all consumed,
it could not considerably improve bioethanol production. Accordingly, it was concluded
that glucose repression occurred. When the culture medium contains glucose and xylose,
sequential sugars consumption is observed, leading to glucose preference as substrate.
A similar effect was already reported, revealing that S. passalidarum showed a significantly
higher rate of xylose consumption after the glucose had been fully consumed, identical to
the behavior of S. stipitis, the known diauxic effect [58,66,71]. Hou [72] suggested that
the behavior of S. passalidarum in terms of the consumption of sugars depends on oxygen
availability. Under aerobic conditions, glucose and xylose are consumed simultaneously,
while glucose repression seems to be more pronounced under anaerobic conditions [72].
The sequential consumption of sugars requires a prolonged fermentation process and
leads to incomplete substrate utilization [57]. Recently, Farias et al. [57] pointed out that
maintaining a low concentration of glucose during the fermentation process may stim-
ulate the co-fermentation of sugars. This strategy seems to repress the occurrence of
diauxic phenomena.

Some strategies have been adopted to overcome this undesirable effect, namely,
through cell recycle, fed-batch operation mode, and ethanol in situ extraction [57,61,66].
Farias and colleagues [57] carried out a sequential fed-batch extractive fermentation of
sugarcane bagasse hydrolysate supplemented with molasses, using both cell recycling
and ethanol removal in situ strategies [57]. The best results were obtained for the second
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fed-batch run, achieving an ethanol production of 31.4 g-L~!, corresponding to a yield of
0.482 g-g~! and a conversion efficiency of 94.3%. Therefore, this approach was successfully
employed, achieving the highest productivity reported in the literature (9.5 g-L~1-h~1).
This boost in efficiency and productivity proved that removing ethanol in situ is a promising
technique to avoid inhibition caused by product accumulation [57]. Higher ethanol concen-
trations were already reported using synthetic media [61,62] or adapted strains [73]. The fer-
mentation parameters of some studies involving the fermentation of different raw materials
using S. passalidarum yeast are summarized in Table S3 (Supplementary Materials).

Concluding, although S. passalidarum was able to consume xylose in synthetic media
with a low initial sugar concentration, its performance was much lower than previous
strains, namely S. cerevisiae and Ethanol Red®. Furthermore, S. passalidarum seems un-
suitable for the range of cellulosic sugars concentration present in this hydrolysate. An-
other possible reason found in the literature that may justify these unexpected results
related to the low ethanol production is related to the oxygen requirements. The present
work was performed at the Erlenmeyer scale for obtaining preliminary results regarding
the fermentation ability of the tested strains using a hydrolysate from E. globulus bark
kraft pulp. However, this bench-scale hinders the control of oxygen availability [74].
Moreover, sampling procedures may also contribute to increasing the dissolved oxygen.
Some authors have stated that the aeration rate control is one of the most determining pa-
rameters to maximize ethanol production from xylose-fermenting yeasts [58,62]. Long and
co-workers [73] observed that ethanol production was induced under oxygen-limiting
conditions, whereas its formation was not detected in aerobic conditions. Under fully
aerobic conditions, the yeast cells exhibited a very long adaptation phase [73]. In contrast,
Hou [72], Nakanishi et al. [66] and Veras et al. [75] reported an excellent fermentation
performance of S. passalidarum under anaerobic conditions (no aeration). According to
Hou [72], using a defined mixed sugar medium, S. passalidarum showed faster cell growth,
higher sugar consumption, and ethanol production under oxygen-limiting conditions.
Nakanishi et al. [66] proved that similar behavior could be observed by using a sugarcane
hydrolysate. Veras et al. [75] corroborate the previous observations, indicating that this
strain could ferment relatively well xylose under anaerobiosis. Therefore, it is concluded
that there is no broad consensus in the literature regarding the influence of oxygen avail-
ability on the fermentation metabolism capacity of S. passalidarum [76]. Further research
should be focused on this topic. More in-depth knowledge is crucial for advances in the
optimization of the fermentation step using S. passalidarum.

4. Conclusions

Enzymatic hydrolysis of kraft pulp from E. globulus bark, an abundant industrial
residue in the Portuguese pulp and paper industry, produced a hydrolysate with a high
concentration of cellulosic sugars (about 160 g-L 1) through a fed-batch strategy.

S. cerevisiae and Ethanol Red® demonstrated a high fermentation performance, de-
spite the negligible consumption of xylose. Nevertheless, no improvement in ethanol
production was achieved through a simultaneous co-culture of Ethanol Red® and S. pas-
salidarum, a pentose fermenting yeast. Monoculture of S. passalidarum could not produce
any bioethanol during 30 h of the assay. It was suspected that probably this strain was
inhibited due to bark inhibitors or the high initial concentration of substrate. Even in
synthetic media, this strain showed worse performance than S. cerevisiae and Ethanol Red®,
with an ethanol concentration ranging from 8.4 to 11.2 g-L~1. S. passalidarum was inhib-
ited by substrate, seeming to be not suitable for fermenting the range of cellulosic sugars
concentration present in this hydrolysate. Among all the assays, the best fermentation
performance was accomplished by Ethanol Red® industrial strain, attaining a maximum
ethanol concentration of about 50 g-L~! after 20.5 h, corresponding to high productivity
(above 2.4 g-1."1-h~!) and conversion efficiency (80%). Comparing to the works already
reported in the literature, these can be considered promising results since it was reached a
fermentation performance similar to the assays where noble wood was used as raw material.
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Future research should be focused on ethanol production at bioreactor-scale from
Ethanol Red® industrial strain. A fed-batch approach and SSF configuration might be
promising strategies to achieve even higher ethanol titers and reduce costs by integrating
steps [29,36,49,77]. Furthermore, from a commercial scale point of view, it could be interest-
ing to study some low-cost supplementation alternatives [78-81]. However, the complex
and highly heterogeneous nature of the bark requires the process to be flexible to variations
in its chemical composition [11,82]. Furthermore, the integration of this process depends on
a techno-economic assessment, also considering the modifications to be implemented in the
existing process [19]. Co-culture fermentation should also be further investigated through
the optimization of aeration conditions for xylose fermentation by S. passalidarum. It was
found that there is no general understanding regarding the influence of oxygen availability
on the metabolism and fermentative capacity of S. passalidarum. Fully knowledge on this
topic is crucial for advances on S. passalidarum fermentation ability that would contribute
to pentoses fermentation, namely xylose utilization.

Concluding, the present work proved that kraft pulp from E. globulus bark has a high
potential to be converted into cellulosic bioethanol. The integration of this valorisation route in
the pulp and paper industry within the biorefinery concept might be highly advantageous.
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Table S1: Fermentation parameters of some studies involving the fermentation of E. globulus bark
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