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Abstract
Cellulosic ethanol production from non-detoxified furfural residues produced at different operating conditions from sugarcane
bagasse was investigated. Simultaneous saccharification and fermentation (SSF) technique and preconditioned industrial strains
of Saccharomyces cerevisiae, i.e., EthanolRed® and CelluX™4, were used for fermentation. The highest furfural yield of 69%
(11.44 g/100 g of dry bagasse) was achieved at 170 °C and 0.5 wt.% H2SO4 (170–200 °C and 0–1 wt.% H2SO4), with
corresponding ethanol yields of 77–95% (9.57–11.58 g/100 g of dry bagasse). Themass of ethanol produced reflected conversion
of about 50% of cellulose in raw biomass due to cellulose degradation during furfural production. No production conditions
could be found where both furfural and ethanol yields were maximized, indicating an unavoidable compromise between the two
co-products. Furfural production conditions that provided an acceptable compromise between furfural and ethanol during co-
production from sugarcane bagasse were 170 °C and 0.25 wt.% H2SO4, resulting in furfural mass of 7.64 g/100 g of dry bagasse
and ethanol mass of 9.86 and 10.91 g/100 g of dry bagasse when using EthanolRed® and CelluX™4, respectively.
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1 Introduction

Fossil-based fuels are regarded as major contributors to green-
house gas emissions and the resulting adverse phenomena,
i.e., global warming and climate change [1–4]. Among the
alternatives available, furfural conversion to jet and diesel
fuels has potential to partially replace petroleum-derived fuels
and drive furfural market growth [5, 6]. Furfural is a platform
chemical, and majority of furfural is currently used to produce
furfuryl alcohol [5, 7]. Other furfural applications are in the
manufacturing of plastics, pharmaceuticals, agrochemical
products and non-petroleum–derived chemicals [8, 9].

In theory, any material containing a large amount of pen-
tose (five carbon) sugars, such as arabinose and xylose, can
serve as a raw material for furfural production [9–11].
However, furfural production is not economically viable with-
out a low-cost feedstock [9]. Lignocellulosic material can be

converted to furfural and a variety of biobased chemicals/fuels
such as ethanol, butanol, xylose, glucose and levulinic acid [9,
12]. Conversion of lignocellulosic materials to value-added
products at high selectivity and yield at an economical cost
that is comparable to fossil-derived products is challenging
[13]. Since furfural is solely produced from the pentosan com-
ponent of lignocellulose, co-production of cellulosic ethanol
from cellulose-rich furfural residues (FRs) has been proposed
as a potential pathway to improve the value extracted from the
lignocellulose feed of the furfural process [9, 14].

Furfural is generally produced using the one-stage process at
industrial scale employing steam stripping in either batch or con-
tinuous operation directly from the lignocellulosic biomass feed-
stock [15–17]. One-stage furfural production by industrial pro-
cesses is conducted at temperatures of 153–240 °C with acid
dosages up to 15 wt.% of dry feed or under autocatalytic hydro-
lysis conditions in the same temperature range of 153–240 °C
from 40 to 120min [9, 11]. These furfural process conditions are
somewhat similar to those applied during lignocellulose pretreat-
ment for ethanol production, e.g., dilute acid (0.1–6.0 wt.%
H2SO4 in solution) pretreatment at a temperature of 121–
220 °C with residence time range of 1–300 min [18, 19].

Alternatively, furfural may also be produced from lignocel-
luloses in a two-stage process, where the hemicelluloses are
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first extracted from the lignocelluloses, followed by conver-
sion of hemicellulose sugars to furfural in a separate process-
ing unit [16, 20]. While the one-stage furfural production re-
quires fewer process units and is therefore associated with
lower capital costs [21], the two-stage process offers the ad-
vantage of maximizing the furfural and ethanol yields in sep-
arate process units, providing opportunity to reach higher
yields in a co-production scenario [22]. However, due to more
complex processing requirements (higher capital costs),
the two-stage furfural production method is presently
not applied for industrial furfural production [16, 20].
Since the one-stage furfural process is used industrially,
utilization of furfural residues as feedstock for ethanol
production offers an opportunity for second-generation
ethanol production at commercial scale [11, 23].

The possibility of furfural and ethanol co-production has
been investigated in previous studies, with focus mainly on
fermentation of furfural residues obtained from industrial fur-
fural residues produced at severe conditions [24, 25]. Harsh
furfural production conditions promote pseudo-lignin forma-
tion which inhibits both enzymes and yeast; thus, washing and
delignification of the FR is usually required prior to fermen-
tation to render the solids more digestible [26, 27]. Washing
and delignification of FR requires large amounts of wa-
ter and reagents, which need to be treated downstream
to meet environmental regulations [23, 24]. However,
few studies show that detoxification alone is sufficient
for fermentation of FR from less severe furfural condi-
tions process [11, 21]. Other detoxification steps include
the use of adsorbents and ultrafiltration, but these mea-
sures have s imi lar drawbacks to washing and
delignification. Alternatively, pressing of solid residues
will decrease the concentrations of inhibitors, and pro-
cess water requirements are thus also reduced [23, 28].

Furthermore, fermentation yeast strains with higher inhib-
itor tolerance have been genetically engineered to deal with
yeast inhibition challenges as a preferred solution to detoxifi-
cation of FR. The genetic and metabolic capabilities of
engineered industrial yeast strains to tolerate certain levels of
inhibitors are promoted when they are preconditioned by ex-
posure of the inoculum to inhibitors similar to the fermenta-
tion media prior to fermentation [29, 30]. The probability of
yeast cell survival in a stressful environment is also increased
by ensuring a higher initial biomass concentration [29–31].

Industrial fermentation yeasts can successfully convert
sugars liberated from detoxified FR to ethanol using either
separate hydrolysis and fermentation (SHF) or simulta-
neous saccharification and fermentation (SSF) [11, 21,
27]. Both enzymatic hydrolysis and fermentation occur in
a single process unit when SSF is employed, which reduces
associated capital expenses [32]. Another advantage offered
by the SSF technique is less inhibition of cellulase by accu-
mulation of sugars [32].

The relationship between furfural and ethanol produced
when the one-stage furfural production from lignocellulose
is combined with ethanol production from unwashed furfural
residues using the SSF method is not clearly outlined in liter-
ature. Reducing the severity of the one-stage furfural produc-
tion step may result in increased ethanol yields since there will
be less yeast inhibitors and has potential to improve overall
technical and economic outcome, although furfural yield may
be reduced. Digestibility and inhibitor concentration levels in
industrial furfural residues also need to be studied to provide a
reflection of whether they can be utilized for ethanol co-
production without detoxification. Therefore, the aim of this
study was to evaluate the effects of one-stage furfural produc-
tion conditions on the yields of both furfural and ethanol pro-
duction (from FR) when using the SSF technique without
washing (detoxification) or delignification of FR prior to hy-
drolysis-fermentation.

2 Materials and methods

2.1 Materials

Sugarcane bagasse was sourced locally from sugar mills
(KwaZulu-Natal, South Africa). Sulphuric acid (98 wt.%
H2SO4) and sodium hydroxide pellets (98 wt.% NaOH) of
analytical grade were supplied by Scienceworld (South
Africa). Sugarcane bagasse is a lignocellulosic material with
potential to improve the overall economics of the sugar mills
through production of biochemicals and biofuels. The compo-
sition of sugarcane bagasse used was 36% cellulose, 23%
hemicellulose, 24% lignin, 4% ash and 6% extractives.
Furfural and FR were produced at different conditions using
a 2-L Büchiglasuster® pressure reactor that has article no.
45.30148.2200, serial no. 4864 and order no. 53472. Cellic
CTec2® and Cellic HTec2® enzymes from Novozymes were
used for enzymatic hydrolysis of furfural residues. Industrial
FRs were obtained from Sezela Illovo sugar mill (South
Africa) and RCL. Frozen stock culture of EthanolRed® and
CelluX™4 yeast (Saccharomyces cerevisiae) provided by
Lesaffre (Leaf Technologies, France) were used as fermenta-
tion microbial yeast strains.

2.2 Experimental design

A face-centred central composite design (CCD) considering
temperature and sulphuric acid concentration as independent
factors was employed to investigate a range of furfural pro-
duction conditions and their impacts on ethanol production
from residues [33, 34]. A temperature range of 170–200 °C
and sulphuric acid concentration range of 0–1.0 wt.% as listed
in Table 1 were selected, based on previous reports and indus-
trial experience [11, 15, 21, 35]. The experiments were
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conducted in random order with duplication of the centre
point. Analysis of variance (ANOVA) was performed using
Statistica® 13.2 software, and p values below 0.05 were con-
sidered to indicate significant effects. Preferred co-production
conditions were predicted using the response desirability pro-
filing in Statistica® 13.2 software, giving equal weighting to
furfural yield (g/100 g dry bagasse) and ethanol yield (g/100 g
dry bagasse) as response variables to be maximized, in re-
sponse to variations in furfural production conditions [36].
The lowest furfural and ethanol yields (g/100 g dry bagasse)
obtained in the experiments were allocated as desirability
values of zero, and the highest furfural and ethanol yields
(g/100 g dry bagasse) were taken as desirability values of
one. The response variables (furfural and ethanol yields) were
transformed into desirability values between 0 and 1, and each
of the individual desirability values from each of the responses
were combined into a single desirability index value (D), geo-
metric mean values computation according to Eq. 1 [36].

D ¼ d1 � d2 � d3 �…� dnð Þ1=n ð1Þ

2.3 Furfural production experiments

Sugarcane bagasse was contacted with sulphuric acid in a
heated 2-L Büchiglasuster® pressure reactor until the target
temperature was reached. Furfural vapours were continuously
removed from the system through an open valve connected to
an outlet pipe immersed in an ice bath to condense the furfural
vapour stream. Each experiment was conducted for 90 min
with initial solids loading of 20 wt.% [15, 35]. Furfural vapour
product was extracted at 7 mL/min on average to ensure that
80% of liquid was extracted from the reactor at the end of each
experiment based on preliminary studies. Condensed furfural
vapour product samples were analysed for furfural, xylose,
acetic acid, formic acid and glucose by high-performance liq-
uid chromatography (HPLC) (described in the “Analysis” sec-
tion). The solid residues were pressed, to partially remove the
absorbed liquids and reduce the yeast inhibition effects of
compounds contained in the liquid [32]. The mass of all the
remaining solids was measured to determine solids yield and
its composition for mass balance calculations. Equations 2 and
3 were used to calculate furfural yield (FF yield) and the com-
bined severity factor (CSF), where theoretical FF is the

theoretical yield of furfural (0.727 g furfural/g xylan) [15, 37], t
is the residence time in minutes, TH is the reactor hydrolysis
temperature (°C), TR is the reference temperature set at 100 °C
and pH was the acidity in the reactor at the end of hydrolysis.
CSF is defined to combine the effects of time, temperature and
acid dosage in a single function whose value can be correlated to
the corresponding products such as ethanol yield [28].

FF yield ¼ FF produced g½ �
theoretical FF g½ � � 100% ð2Þ

CSF ¼ t:exp
TH−TRð Þ
14:73

� �
−pH ð3Þ

2.4 Ethanol production from furfural residues

Yeast culture was prepared from a frozen mixed culture in
media containing yeast extract (10 g/L), peptone (20 g/L)
and dextrose (50 g/L) at 30 °C until optical density of 25 at
600 nm was reached after 48 h [38]. The yeast culture was
then preconditioned for 24 h by the addition of 3 wt.% hydro-
lysate to the same flask every 12 h until 6 wt.% was reached
[28]. The hydrolysate used for preconditioning was obtained
from pressing FR produced at the highest severity in furfural
experiments. The yeast preconditioning prior to inoculation
was conducted to prevent yeast cell death when exposed to
synergistic effects of the inhibitors available in the pressed
solids [29, 38, 39].

All SSF experiments were conducted at 10 wt.% solids
loading using the various pressed FR from the furfural exper-
iments [32, 40]. FRs were fed at 5 wt.% at the beginning, and a
further 5 wt.% on dry basis was added after 24 h [32]. A
250-mL Erlenmeyer flask was used as a bioreactor and was
capped by cotton wool and aluminium foil [22]. NaOH was
added to adjust the pH to 5, and a 0.05-M citrate buffer was
also added into the media to maintain the pH at 5. During
sampling, pH was checked and adjusted by the addition of
NaOH as it decreased to the formation of organic acids.
Cellic CTec2® and Cellic HTec2® from Novozymes were
contacted with furfural residue in the flask for 2 h
prehydrolysis, prior to yeast inoculation with starting absor-
bency of 2 at 600 nm. The total protein content of enzymes
used per gram of FR was 26 mg, where 19 and 7 mg of
proteins were from Cellic CTec2® and Cellic HTec2®, re-
spectively, based on preliminary tests (data not shown) and
previous reports [28]. Yeast extract (10 g/L) and peptone
(20 g/L) were added into the SSF flasks to provide nutrition
for the yeast. SSF experiments were allowed to run for 120 h
at 37 °C and stirring speed of 150 rpm [40]. A temperature of
37 °C was considered as a compromise between temperatures
suitable for enzymatic hydrolysis (50 °C) and fermentation

Table 1 Actual independent factors for the one-stage furfural experi-
ments using a face centered central composite design

Factors Low Intermediate High

Temperature (°C) 170 185 200

H2SO4 wt.% (in solution) 0.0 0.5 1.0
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(30 °C) [28, 41]. Liquid samples were taken from SSF flasks
at different times (0, 16, 24, 40, 48, 64, 72, 88, 112 h) with
final samples collected after 120 h. Concentrations of sugars,
furfural, HMF (5-hydroxymethylfurfural), acetic acid, formic
acid and ethanol were determined by HPLC analysis
(described in Section 2.5). Vacuum filtration was used to sep-
arate the liquid from solid residues at the end of the experi-
ments. The fermented solid residues were then washed twice
in 50-mL tubes using demineralized water filled to the 50-mL
mark. Furthermore, the lab FR and those from Sezela Illovo
furfural plant and RCL (produced using 10-bar steam and
bagasse impregnated with 3 wt.% H2SO4/dry bagasse) were
enzymatically hydrolysed at 10% solids loading to check their
digestibility using 38 and 14 mg of proteins from Cellic
CTec2® and Cellic HTec2®, respectively. Enzymatic
hydrolysis duration was 96 h, and the FRs were initially
fed at 5 wt.% followed by additional 5 wt.% on dry
basis after 24 h. Inhibitor concentration levels in indus-
trial FR were also evaluated. Fermentation of pressed
FR from Sezela Illovo were fermented using M2n, pre-
viously known as MH1000 [42], while pressed FRs
from RCL were fermented using CelluX™4 and
EthanolRed using the same procedure as lab FRs.

2.5 Analysis

The compositions of feedstock and solid residues were deter-
mined using the standard procedures for biomass composi-
tional analysis developed by NREL [43, 44]. A Thermo
Separations Product (TSP) high-performance liquid chroma-
tography (HPLC) was used to determine the concentrations of
furfural, hydroxymethylfurfural (HMF), glucose, cellobiose,
xylose, arabinose, acetic acid, formic acid, ethanol and glyc-
erol [43, 44]. The HPLC (Thermo Separations Product) was a
Dionex (Dionex, CA, USA) 3000 System equipped with a
Grace® (Hichrom, Berkshire, UK) Prevail Carbohydrate ES
Column (250 × 4.6 mm) and a Varian® evaporative light-
scattering detector. HPLC column temperature (80–85 °C)
and HPLC grade water were used as a mobile phase for anal-
ysis of the compounds, viz., furfural, hydroxymethylfurfural
(HMF), glucose, cellobiose, xylose, arabinose, acetic acid,
formic acid, ethanol and glycerol [43, 44].

3 Results and discussion

3.1 Effects of temperature and acid dosage on furfural
production from sugarcane bagasse

The experimental conditions and results obtained for one-
stage furfural production from sugarcane bagasse are summa-
rized in Table 2. The statistical analysis of the results demon-
strated that temperature and sulphuric acid had significant

effects on furfural yield (g/100 g raw material) in the investi-
gated range (170–200 °C, 0–1.0 wt.% H2SO4), as confirmed
by ANOVA reported in Table S1 of the supplementary data.
This finding agrees well with literature as Mesa et al. [11] and
Sánchez et al. [45] also reported significant effects of temper-
ature and acid loading on furfural yield. The hydrolysis and
dehydration processes of hemicellulose sugars to form furfural
and degrade furfural depend on the temperature and catalysts
used [11, 45]; thus, furfural yield was significantly affected.

Overall, furfural yield was in the range of 13–69%, where
maximum furfural yield was obtained at 170 °C and 0.5 wt.%
H2SO4 in 90 min as reported in Table 2. Furfural yields as
high as 68% were also obtained in other studies in shorter
residence time at 180 °C with the addition of 3% of acetic
acid and 20 mM of FeCl3 [37]. Other studies have reported
lower furfural yields of 53% when using sugarcane bagasse
feed at 175 °C and H2SO4 dosage of 1.25 wt.% on dry feed
[11]. The higher furfural yield obtained in this study can be
attributed to the longer residence time of 90 min compared to
40 min in previous studies [11] where 53% furfural yield was
achieved. Higher furfural yields of up to 78% were reported at
lower temperatures (134 °C) and longer residence times
(300 min) [46], because furfural degradation reactions are re-
duced at lower temperatures and acid concentrations [34, 35].
The lowest furfural yield of 13%was obtained at 170 °C with-
out sulphuric acid addition, which is comparable to 11% fur-
fural yield achieved in previous studies [47] under similar
conditions (170 °C, 90 min without acid). Furfural yield is
generally lower in the absence of additional acidic catalyst
[11, 16, 21]. Higher furfural yields were generally favoured
at lower temperatures (170 °C) with the addition of acid
(0.5 wt.% H2SO4). However, the use of higher acid dosages
beyond 0.5 wt.% reduced furfural yield, due to the dominance
of furfural degradation reactions [34, 35].

3.2 Effects of furfural production conditions on the
formation of organic acids

Furfural production is generally accompanied by the forma-
tion of acetic acid, generated from acetyl groups contained in
hemicelluloses of lignocellulosic materials. The effects of fur-
fural reactor temperature and acid dosage on the average
acetic acid concentration in the furfural product stream are
shown in Fig. 1a. The lowest amount of acetic acid (4.36 g/
L) was formed at the least severe furfural production condi-
tions (170 °C and 0% H2SO4), while acetic acid formation
remained stable at 6.9–7.9 g/L at the other investigated con-
ditions (Fig. 1a), which is similar to the trend reported by
García-Domínguez et al. [48]. The least severe conditions
were therefore not sufficient for complete liberation of the
acetyl groups from the hemicelluloses [48, 49]. The variations
in acetic acid concentrations from 6.9 to 7.9 g/L may be
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attributed to the differences in vapour stripping capabilities of
the furfural reactor when operated at different temperatures.

The extent of formic acid formation (5.52–6.51 g/L) was
larger at higher temperatures (185–200 °C) in the presence of
sulphuric acid (Fig. 1b). Higher concentration of formic acid
(5.52–6.51 g/L) at higher temperatures in the presence of
sulphuric acid (Fig. 1b) is explained by degradation of sugars
and furfural degradation to formic acid through the hydrolytic
fission of the aldehyde group of furfural [17]. The low cellu-
lose content (< 12 wt.%) of solid residues of furfural produc-
tion process (provided in Table 3) at higher temperatures in
the presence of sulphuric acid supports the occurrence of cel-
lulose degradation to glucose and subsequently to formic acid
and levulinic acid [15, 50, 51].

3.3 Effects of furfural production conditions on
ethanol co-production from residues

The solid residues obtained from furfural production suffered
significant degradation of cellulose of up to 89% of cellulose
present in raw bagasse removed by the most severe process
conditions as reported in Table 3, which limits ethanol co-
production from furfural residues in a sequential biorefinery.
The cellulose content was generally higher for FR produced
without the addition of acid, and this concurs with composi-
tional analysis of autohydrolysis industrial FR (Table 4).
However, at the most, 22% of cellulose in raw bagasse was
preserved in residues produced with the addition of catalyst,
except for residues produced at 170 °C and 0.5 wt.% H2SO4,
where FRs contained 53% wt.% cellulose (~ 80% cellulose

Table 2 Furfural production conditions with corresponding average concentration of main products and furfural yield as a percentage of theoretical
yield

Run Temperature
(°C)

H2SO4

(wt.%)
Combined
severity
factor

Formic acid
(g/100 g dry
feed)

Acetic acid
(g/100 g dry feed)

Furfural
(g/100 g dry feed)

Furfural
theoretical
yield %

1 170 0.00 1.50 0.27 1.43 2.28 13.68

2 170 1.00 3.39 1.61 2.60 10.19 61.19

3 200 0.00 2.33 0.14 2.91 5.18 31.14

4 200 1.00 4.26 2.21 2.56 2.52 15.15

5 170 0.50 2.94 0.56 2.21 11.44 68.73

6 200 0.50 3.82 2.00 2.67 6.20 37.24

7 185 0.00 1.94 0.31 2.34 4.83 29.00

8 185 1.00 3.88 2.38 2.54 5.34 32.07

9 (C) 185 0.50 3.58 2.04 2.71 8.40 50.47

10 (C) 185 0.50 3.58 2.02 2.67 8.12 48.79

NB: Feedstock composition of 36% cellulose, 23% hemicellulose, 24% lignin, 4% ash and 6%; wt.% H2SO4 is in initial solution

Fig. 1 Effects of sulphuric acid dosage and temperature on a acetic acid and b formic acid concentration in furfural product
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recovery) (Table 3, run 5). Traditional furfural technologies
that use sulphuric acid (1.5 wt.%) as catalyst operated at
175 °C for 120 min end up with FRs that contain about
15 wt.% cellulose [11]. This study shows that the severity of
the furfural process with 90 min residence at temperature of
170 °C with the addition of 0.5 wt.% H2SO4 preserved the
cellulose fraction as indicated by the resulting FR that had
53% cellulose (Table 3). Similar studies also reported that
FR produced at 175 °C and 1.25 wt.% H2SO4 in a furfural
process with 40 min residence time contained 48 wt.% cellu-
lose, showing ability of the acid-catalysed furfural process to
preserve cellulose at shorter residence time of 40 min [11]. In
addition to the degradation of cellulose, the presence of yeast
inhibitors also affected the final ethanol yields.

The use of inhibitor-resistant yeast resulted in higher ethanol
yields even from FRs obtained at higher severities where maxi-
mum furfural was obtained. For instance, ethanol yield was 96%
when using CelluX™4 to ferment FRs from which maximum
furfural yield of 69% was obtained but only reached 77% when
EthanolRed® was employed as shown in Fig. 2. The use of
highly inhibitor-resistant yeast allows for improved yeast perfor-
mance even under stressful environments [29, 31]. Ethanol yields
were higher (68–95%) at lower severities (CSF 1.49–2.94),
whereas ethanol yield decreased to 13–63% at higher severities
(CSF 3.38–4.25) as shown in Fig. 2. In the case of highly inhib-
itory FRs from CSF of 3.88, fermentation using EthanolRed®
yeast strain resulted in 13% ethanol yield (2) due to yeast cell
death caused by inhibitors as evidenced by glucose accumulation

Table 3 Fermentation results of furfural residues from laboratory furfural production at different conditions using EthanolRed® and CelluX™4

Furfural residues

Run 1 2 3 4 5 6 7 8 9 10

Cellulose (%) 61.14 11.80 55.72 5.83 52.59 7.12 46.21 6.80 6.89 6.91

Hemicellulose (%) 7.32 6.26 3.21 6.30 3.49 6.29 12.08 6.30 6.64 6.64

Total lignin (%) 31.54 81.93 41.07 87.87 43.91 86.59 41.71 86.90 86.47 86.45

% of acid-insoluble material formed 0.00 45.12 0.00 81.93 1.75 46.63 0.00 47.11 49.26 48.65

Furfural produced (g/100 g dry bagasse) 2.28 10.19 5.18 2.52 11.44 6.20 4.83 5.34 8.40 8.12

FF yield 13.68 61.19 31.14 15.15 68.73 37.24 29.00 32.07 50.47 48.79

Combined severity factor (CSF) 1.50 3.39 2.33 4.26 2.94 3.82 1.94 3.88 3.58 3.58

Enzymatic solid hydrolysis at 10% solids

Glucose (g/L) 63.01 16.69 65.12 12.67 37.38 12.76 62.18 12.11 12.83 13.86

Xylose (g/L) 17.79 6.88 7.08 7.14 6.46 6.72 9.01 6.75 6.28 7.06

Concentration of inhibitors in 5% solids after 2 h prehydrolysis

Run 1 2 3 4 5 6 7 8 9 10

Formic acid (g/L) 0.88 1.80 0.87 1.20 1.37 1.36 0.87 1.50 1.63 1.63

Acetic acid (g/L) 1.02 0.60 0.81 0.53 0.67 0.62 0.90 0.59 0.60 0.60

HMF (g/L nd 0.10 0,28 nd 0.38 nd 0.13 nd nd nd

Furfural (g/L) 0.13 nd nd nd 0.08 nd 0.17 nd nd nd

Fermentation using EthanolRed® in SSF

Run 1 2 3 4 5 6 7 8 9 10

Glucose in residue (g/L) 2.09 3.44 0.70 0.00 0.60 0.00 1.83 6.08 0.00 0.00

Xylose in residue (g/L) 6.36 1.24 0.51 0.00 0.00 0.00 2.51 5.07 0.00 0.00

EtOH concentration (g/L) 28.11 6.03 31.99 5.29 17.21 4.71 32.03 1.33 5.24 5.31

EtOH yield % 68.09 50.04 86.70 52.24 76.83 47.30 88.05 13.84 53.69 49.69

EtOH produced (g/100 g dry bagasse) 13.02 4.43 17.19 4.15 9.57 3.29 16.74 1.30 4.01 3.99

Glycerol (g/L) 0.00 2.37 1.90 1.61 2.59 1.63 1.72 0.00 1.88 1.90

Fermentation using CelluX™4 in SSF

Run 1 2 3 4 5 6 7 8 9 10

Glucose in residue (g/L) 0.59 2.95 0.00 0.59 0.60 0.00 1.20 0.00 0.00 0.00

Xylose in residue (g/L) 1.06 0.00 0.00 0.00 0.00 0.00 0.81 0.00 0.00 0.00

EtOH concentration (g/L) 32.79 6.35 32.52 5.99 21.46 4.71 32.32 6.14 5.88 6.10

EtOH yield % 79.43 52.75 88.14 59.16 95.80 47.35 88.84 63.74 60.25 57.03

EtOH produced (g/100 g dry bagasse) 14.20 4.62 17.32 4.37 11.58 3.31 16.81 4.11 4.25 4.30

Glycerol (g/L) 2.22 2.46 2.60 1.74 2.80 1.67 2.44 1.91 2.34 2.36

FF, furfural; EtOH, ethanol; HMF, 5-hydroxymethylfurfural; nd, not detected
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of 6 g/L. Furthermore, FRs fromCSFof 3.88were the only batch
in which 50% of the glucose released by enzymatic hydrolysis
remained unused (Table 3).

The yeast dealt with the inhibition caused by organic acids
by increasing its redox capacity available, as demonstrated by
an increase in glycerol production (Table 3). It is estimated
that 13–18% of the glucose released from FRs during SSFwas
utilized for the formation of by-products such as glycerol,
which is higher than typical glycerol formation of 4–10% of
glucose [52], indicating an increase in cytosolic redox
balancing to provide metabolic capacity for the detoxification

of organic acids [53]. Although the SSF cultures were main-
tained at pH of 5 to minimize the toxicity of organic acids [29,
31], yeast inhibition above certain thresholds of these acids is
inevitable regardless of pH [29, 30].

While the yeasts were able to handle the inhibition caused by
organic acids through metabolic conversion to remove them
from the culture broth, the yeast could only remove limited
amounts of the furans (furfural and HMF) present in the FR
(Table 3). Specifically, the starting concentrations of HMF in
SSF cultures increased in the CSF range of 1.50–2.94, and the
HMF levels were belowHPLCdetection limits above CSF range
of 1.50–2.94, possibly due to HMF degradation to levulinic and
formic acids [35, 51]. The yeasts’ capability to convert furfural
and HMF to their corresponding alcohols, furfuryl alcohol and
hydroxymethyl furfuryl alcohol, which are less inhibitory [31,
54], was demonstrated by the complete removal of furfural from
SSF flasks, while much reduced concentrations of HMF
remained at the end of each run.

In addition to organic acids and furans, pseudo-lignin
formed at higher severities (CSF > 2.94) also contributed to-
wards yeast inhibition and the corresponding low ethanol
yields from sugars of 13–68%. The additional lignin formed
at higher severities (CSF > 2.94) constituted 45–52% of fur-
fural residues mass (Table 3). Higher severity conditions are
associated with elevated temperatures (≥ 185 °C) and acid
concentrations (≥ 0.5 wt.% H2SO4); therefore, the furfural
and sugar degradation reactions that form pseudo-lignin are
favoured at higher severities [55]. Dilute acid pretreatment at

Table 4 Enzymatic hydrolysis of furfural residues from furfural demonstration pilot plant and industrial plant

Industrial furfural residues used as SSF feed

Sezela residue Batch 39 Batch 40 Batch 42 Batch 48 Batch 51 Batch 55

Cellulose (%) 56.65 22.00 11.95 43.22 44.45 29.66 22.29

Hemicellulose (%) nd nd nd nd nd nd nd

Lignin (%) 43.35 65.09 82.83 35.86 35.63 54.05 65.96

Ash (%) nd 10.50 8.77 6.28 8.51 10.29 9.47

Enzymatic hydrolysis at 5% solids

Sezela residue Batch 39 Batch 40 Batch 42 Batch 48 Batch 51 Batch 55

Glucose (g/L) 24.86 14.30 8.33 26.68 24.94 18.31 13.76

Xylose (g/L) 1.00 2.50 2.64 3.28 2.91 2.50 3.71

Formic acid (g/L) nd 1.13 1.34 nd nd nd 1.15

Acetic acid (g/L) 0.61 6.74 9.24 3.00 nd 1.87 6.19

HMF (g/L 0.46 0.28 0.07 0.39 0.06 0.20 0.26

Furfural (g/L) nd nd nd 0.08 nd nd nd

Fermentation using M2n Fermentation using EthanolRed® with 10% solids

Sezela residue Batch 39 Batch 40 Batch 42 Batch 48 Batch 51 Batch 55

% Ethanol yield (g/(0,511 g sugars)) 89.77 99.55 83.78 94.99 88.73 92.58 85.66

Fermentation using CelluX™4 with 10% solids

Batch 39 Batch 40 Batch 42 Batch 48 Batch 51 Batch 55

% Ethanol yield (g/(0,511 g sugars)) 93.99 84.00 90.46 89.49 96.07 89.67

nd, not detected

Fig. 2 Ethanol yield from sugars released by enzymatic hydrolysis of
furfural residues produced at different combined severity factors (CSF)
when using EthanolRed® and CelluX™4
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higher severities has been shown to result in pseudo-lignin
formation, which is known to cause enzymatic and microbial
inhibition [55]. Other studies report that even at low severities
(160 °C, 0.1 M H2SO4, 2.5 min), certain amounts of pseudo-
lignin can form and deposit onto cellulose, thereby reducing
cellulose accessibility to enzymes and yeast inhibition [56].

While low severity conditions (CSF < 2.94) preserve cellu-
lose and result in higher ethanol mass produced (13.02–
17.32 g/100 g raw bagasse), the corresponding furfural yields
were below 35% (Table 3), which is less than 50% furfural
yields achieved at industrial scale [9]. The extent of pentose
sugar conversion to furfural at low severities which corre-
spond to conditions that maximize ethanol yield is low [35,
46]. Higher furfural yields are recommended in furfural and
ethanol co-production biorefineries to achieve higher furfural
production rates and sales [9], considering that cellulosic eth-
anol is also cost intensive and tends to need subsidy [11, 13].

As part of the study, industrial FRs were successfully en-
zymatically hydrolysed and converted to ethanol without the
need for detoxification and delignification. Glucan conversion
of the autocatalysed industrial FRs was 79%, and the glucan
conversion of the acid-catalysed industrial residueswas higher
with values of at least 89% (Table 4).While the acid-catalysed
residues were more digestible, their lower cellulose content
(44%) resulted in similar amounts of sugars available for eth-
anol production compared to autocatalysed FRs, which had
higher cellulose content (57 wt.%) (Table 4). The industrial
acid-catalysed FRs were produced at less severe conditions in
comparison to traditional furfural process [11]. Thus, the in-
dustrial FR from acid-catalysed process could be digested and
converted to ethanol without the need for delignification to
render them digestible [25–27]. Higher severity conditions
(CSF > 2.94) resulted in larger amount of acid-insoluble mate-
rial compared to lignin in raw bagasse (Table 3). The less severe
acidic conditions applied in this study reduced the formation of
pseudo-lignin, thus avoiding the associated inhibition of enzy-
matic hydrolysis and microbial conversions [27, 55].

Industrial furfural residual solids produced by autocatalytic
process caused less inhibition to yeast cells in comparison to
solids from acid-catalysed furfural process. Initial concentra-
tion levels of acetic and formic acid in 5% acid-catalysed
solids reached up to 9.2 and 1.8 g/L, respectively, whereas
the acetic and formic acid concentration levels only reached
1.0 and 0.9 g/L in autocatalysed furfural residues, respectively
(Table 4). Both formic and acetic acid reduce yeast cell per-
formance and may cause yeast cell death at certain thresholds
[29, 31], but formic acid causes greater toxicity than acetic
acid [39]. In general, less severe furfural processes are pre-
ferred when considering ethanol co-production, since less se-
vere furfural processes result in low concentration levels of
yeast inhibitors—provided that an acceptable furfural yield
can be maintained under these less severe conditions.

3.4 Optimum feedstock conversion to furfural and
ethanol

The preferred conditions for furfural and ethanol co-production
result in a compromise of the yields of the two products. The
preferred furfural and ethanol co-production conditions based on
desirability plot results were 170 °C and 0.25 wt.% H2SO4,
where furfural produced is 7.64 g/100 g of dry feed (~ 50%yield)
with ethanol reaching 9.86 and 10.91 g/100 g of dry feed when
using EthanolRed® (~47% yield) and CelluX™4 (~57% yield),
respectively, as shown in Fig. 3. Detailed desirability plots are
provided in Fig. S1–S2 of supplementary data file. The highest
furfural producedwas 11.44 g/100 g of dry raw biomass andwas
obtained at medium severity conditions under acid catalysis
(170 °C and 0.5 wt.% H2SO4, CSF = 2.94), whereas the highest
mass of ethanol produced (17.19–17.32 g/100 g dry rawbagasse)
using EthanolRed® and CelluX™4 was obtained from residues
produced by autohydrolysis (CSF = 2.33) at 200 °C. Higher se-
verity conditions (CSF > 2.94) degraded cellulose; thus, the over-
all mass of ethanol produced from raw bagasse to ethanol was
1.30–11.58 g/100 g of raw dry bagasse. Studies report that cel-

Fig. 3 Preferred furfural conditions for furfural and ethanol co-production indicated by desirability values and mass of furfural and ethanol
(EthanolRed® and CelluX™4) produced per 100 g of raw bagasse
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lulose degradation during furfural process can reach 40 to 50%
[13]; thus, ethanol mass produced indicating utilization of 50%
of cellulose available in the raw bagasse is reasonable.

4 Conclusions

Conditions that maximized furfural yield resulted in low eth-
anol mass produced per mass of raw feedstock due to yeast
inhibition caused by organic acids, furans, pseudo-lignin and
cellulose degradation. The use of more inhibitor-resistant
yeast allowed achieving higher ethanol yields in comparison
to yeast with low inhibitor tolerance. Higher ethanol yields
were achieved from FRs produced at low severities, but cor-
responding furfural yields were below industrial yields.
Conditions suitable for optimal co-production of furfural and
ethanol (170 °C and 0.25 wt.% H2SO4) resulted in a yield
compromise of both products. Subsequent studies focused
on economic impact of furfural and ethanol yield are required
to determine overall profitability. Future studies should ex-
plore various conditions for the two-stage furfural process that
produce digestible solids with minimal cellulose degradation
to allow high yields of ethanol and furfural.
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