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Abstract

The possibility of using waste distillery stillage (first-generation technology) after dilute acid pretreatment, as a medium for the
preparation of beet molasses mash, for ethanol production according to the simultaneous saccharification and fermentation (SSF)
technology, was assessed. The combination of lignocellulosic hydrolysates made from acid-pretreated stillage with sugar-rich
beet molasses is an effective way of utilizing the first-generation ethanol production by-products in the second-generation ethanol
production technology. It was demonstrated that the final ethanol concentration could be as high as 90 g/L. The process yield was
over 94% of the theoretical yield when the molasses was diluted using acid-pretreated maize distillery stillage. An attempt to
increase the pool of fermentable sugars by using cellulases to hydrolyze cellulose failed due to product inhibition in the
fermentation medium with a high glucose concentration. A more than threefold increase in the concentration of ethyl acetate
(even up to 924.4+11.8 mg/L) was observed in the distillates obtained from the media incubated with cellulases. The use of beet
molasses combined with the hydrolysate of pretreated distillery stillage also changed the concentration of other volatile by-
products. An increase in the concentration of aldehydes (mainly acetaldehyde to a concentration of above 1500 mg/L), methanol,
1-propanol, and 1-butanol was observed, while the concentration of higher alcohols (isobutanol, 2-methyl-1-butanol, 3-methyl-1-
butanol) decreased. Interestingly, the use of cellulases in fermentation media from molasses and stillage hydrolysates resulted in
an average fourfold increase in the concentration of this ester to a maximum level of 924.4+11.8 mg/L. Hydrolysates made from
acid-pretreated distillery stillage, combined with sugar-rich beet molasses to boost the efficiency of the conversion process, can
be successfully used in the production of second-generation fuel ethanol. However, further optimization of the cellulose enzy-
matic hydrolysis process is required for efficient use of the raw material.
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Introduction

Second-generation bioethanol is an alternative to fossil fuels,
and its production from lignocellulosic raw materials, which
are waste from various branches of the agri-food and wood
processing industries, does not pose a risk of rising food prices
[1, 2]. The efficient production of cellulosic ethanol by fer-
mentation is highly dependent on the effective pretreatment of
lignocellulosic biomass, which reduces the amount of crystal-
line regions in cellulose and partially degrades hemicelluloses
and lignins [3—6]. These goals can be achieved by developing
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new or by improving already used methods for the pretreat-
ment of lignocellulose. Numerous methods of biomass pre-
treatment mainly use dilute inorganic acids (e.g., H,SO,) and
elevated pressure on an industrial scale. This method partially
hydrolyzes hemicellulose and reduces the crystalline regions
in cellulose, making it more susceptible to enzymatic hydro-
lysis [7]. The high initial sugar concentration needed to obtain
an ethanol concentration of at least 40 g/L (the threshold for
distillation to be profitable) is most often achieved by thick-
ening the lignocellulosic hydrolysates. However, this has a
negative impact on the economics of the process, as signifi-
cant financial resources are required to remove water from
fermentation media [8, 9]. Industrial strains with high fermen-
tation activity used in the production of first-generation etha-
nol have an increased tolerance to by-products of lignocellu-
lose pretreatment [10, 11]. While each of the abovementioned
problems related to the production of second-generation
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ethanol can be solved individually, only a comprehensive ap-
proach to process optimization can lead to technologies that
are economically acceptable.

The solution may be to integrate the production of first- and
second-generation ethanol into one production line. Previous
economic and technological analyses have shown that it is
possible to obtain a cost-effective technology for the simulta-
neous production of fuel ethanol from raw materials contain-
ing starch or sucrose and from lignocellulosic materials
[12—15]. The research conducted so far has focused primarily
on the development of the integration of first- and second-
generation ethanol production technologies from sugar cane
or maize, i.e., the two most commonly used raw materials.
One of the methods of integration is to run the processes in
parallel and then combine the distillation of first- and second-
generation ethanol. In this case, the process begins by squeez-
ing the sugar cane juice, then clarifying, and thickening by
evaporating the water. The by-product of this stage is sugar-
cane bagasse, which can be used to produce cellulosic ethanol.
The concentrated sugar syrup is then fermented with
Saccharomyces cerevisiae yeast. In parallel to this process,
the sugarcane bagasse is pretreated; e.g., with the use of dilute
acids and increased pressure, cellulose is subjected to enzy-
matic hydrolysis for about 2-3 days, and the obtained hydro-
lysate is fermented. Both technological lines meet at the stage
of distillation and subsequent dehydration of ethanol [5].
Another way to integrate the production of fuel ethanol from
sugar cane is by combining both technologies (first and sec-
ond generation) at the sugar cane juice thickening stage, i.e.,
before fermentation. The advantage of this technology is the
dilution of the hydrolysate with sugar cane juice after the
bagasse pretreatment and the cellulose hydrolysis.
Unfortunately, during pretreatment in an acidic environment
at elevated pressure and temperature, sugars may dehydrate to
fermentation inhibitors such as 5-hydroxymethylfurfural and
furfural. The use of sugar cane juice to dilute lignocellulosic
hydrolysates with an increased concentration of inhibitors
solves the problem of toxic stress during fermentation. An
additional production stage that combines both technologies
is the use of the waste solid fraction remaining after cellulose
hydrolysis for the generation of electricity and steam needed
for concentration and distillation operations and the enzymatic
hydrolysis process at elevated temperature [16—19]. A method
was also developed to integrate first- and second-generation
ethanol production from maize. In this method, maize grain is
used to produce ethanol from starch, while the stalks serve as
lignocellulosic substrate. Both technological lines also meet at
the fermentation stage, as the preparation of raw materials
(grinding or pretreatment) and hydrolysis (mashing with the
use of amylolytic enzymes and cellulose hydrolysis with cel-
lulases) is carried out separately. The aim of such a techno-
logical line is to obtain a fermentation medium with an in-
creased concentration of fermentable sugars (combination of

starch and cellulose hydrolysate) and to reduce the concentra-
tion of inhibitors generated during the pretreatment of ligno-
cellulose [20, 21].

The main drawback of these solutions is the high energy
consumption during the enzymatic hydrolysis of cellulose,
which usually lasts for about 48—72 h at ca. 50 °C. The solu-
tion to this problem may be the combination of enzymatic
hydrolysis and alcoholic fermentation in the SSF (simulta-
neous saccharification and fermentation) process. The aim of
this research was to develop technological assumptions (and
to verify them on a laboratory scale) for the production of
bioethanol from the by-products of first-generation ethanol
production (pretreated distillery stillage) and sucrose from
beet molasses. The obtained results allow for a multidimen-
sional assessment of the efficiency of ethanol production from
these raw materials using the SSF technology. Due to the
specificity of the sugar production process, beet molasses is
usually alkaline and contains a large amount of inorganic salts,
which makes adjusting the pH of the molasses mash difficult.
For this reason, the use of hydrolysate after barothermic treat-
ment of the distillery stillage with the addition of dilute sulfu-
ric acid as a solution for the preparation of molasses mash has
been proposed. The proposed concept included the technique
for the preparation of such fermentation media and alcoholic
fermentation under the conditions of SSF technology with the
use of cellulolytic enzymes. The novelty of the proposed so-
lution is the integration of first- and second-generation ethanol
production through the use of a hydrolysate from distillery
stillage pretreated with dilute acid as a medium for the
preparation of beet molasses mash. The combined use
of raw materials which are by-products is in line with
the current trends in the biotechnological management
of postproduction waste. Numerous literature data have
shown that the concentration of fermentable sugars in a
mash made solely from lignocellulosic biomass is often
too low for the process to be profitable. The proposed
procedure solves this problem and allows an acceptable
level of efficiency of alcoholic fermentation to be
obtained.

Materials and Methods
Materials

All reagents (sulfuric acid, sodium hydroxide) used in the
study were of analytical purity and were provided by
Merck® (Darmstadt, Germany). Chromatographic analyses
were performed using high-performance liquid chromatogra-
phy (HPLC) grade solvents from Merck®. Calibration stan-
dards (glucose, fructose, xylose, arabinose, glycerol, ethanol,
acetaldehyde, isobutyraldehyde, isovaleraldehyde, furfural,
ethyl acetate, methanol, 2-butanol, 1-propanol, isobutanol, 1-

@ Springer



456

Bioenerg. Res. (2022) 15:454-465

butanol, 2-methyl-1-butanol, 3-methyl-1-butanol, 5-
hydroxymethylfurfural, 4-hydroxybenzoic acid, vanillin,
syringaldehyde, and trans-ferulic acid) for chromatographic
analyses were of HPLC grade and were supplied by Sigma-
Aldrich® (St. Louis, MO, USA).

Raw Materials

Beet molasses with a sucrose content of 49.70+1.21% and
81.30+0.40° Brix was used in the study. The lignocellulosic
raw material used was the distillery stillage (only biomass),
obtained by centrifuging rye, wheat, and maize whole stillage.
The stillages were obtained from the Radzicz distillery
(Poland), which makes use of barothermic technology, where
the grain is subjected to high pressure and temperature (6 atm,
160°C) for about 50 min. After enzymatic hydrolysis of starch
and fermentation, the mash is distilled to separate the raw
spirit. The distillation residue (whole stillage) is centrifuged
to obtain a solid fraction which is referred to as a stillage. The
distillery stillage biomass was stored at —20°C until the exper-
iments started. The cellulose, hemicellulose, and lignin con-
tents in the distillery stillage samples (expressed on a DW—
dry weight basis) were 16.8+0.1%, 29.6+1.5%, and 15.6
+0.7% DW in rye stillage; 32.2+1.4%, 20.9+1.2%, and 3.2
+1.9% DW in maize stillage; and 18.6+£0.3%, 34.1+0.1%,
and 9.54+0.2% DW in wheat stillage, respectively [22].

Yeast

Fermentation experiments were carried out using S. cerevisiae
yeast strain, namely Ethanol Red (Lesaffre Advanced
Fermentations), in the form of an active dried yeast preparation.
In the study, the industrial S. cerevisiae strain was used, which
is commonly used in the production of first-generation ethanol.
The yeast was applied in the form of yeast milk (1.25+0.12 10°
CFU—colony-forming unit/mL, viability 94.3+08%) obtained
by suspending 5 g of the yeast in 30 mL of sterile 0.9% w/v
NaCl followed by rehydration for 30 min (according to the
manufacturer’s recommendations). The dose of yeast milk
was 3 mL/L of fermentation medium. During each preparation
of the starter culture (yeast milk), the viability of the yeast was
analyzed and was at a stable level declared by the producer. The
viability (%) was estimated after staining with methylene blue
and cell counting using Thoma chamber [23].

Cellulolytic Enzymes

Laminex Super 3G (Danisco, DuPont Industrial Biosciences,
Archimedesweg 30, Leiden, Netherlands) containing 10—15%
complex of beta-glucans hydrolyzing enzymes and non-starch
polysaccharides was used for cellulolytic preparation. The en-
zymatic activity of the preparation at pH = 5 was 35.9 FPU
(filter paper units)/mL at 60°C and 18.8 FPU/mL at 35°C,

@ Springer

respectively. FPU activity was determined according to the
NREL protocol [24].

Preparation of Fermentation Media and Culture Conditions

The fermentation media were prepared as shown in
Table 1 and Fig. 1. The control contained only beet molasses.
The preparation process started by mixing 1000 mL of molas-
ses with 3000 mL of hot tap water (90°C). The resulting so-
lution was kept at reflux for 60 min to pasteurize. After
cooling, the pH of the solution was 7.38. The pH of the me-
dium was adjusted to 5 using 25% v/v H,SO,. After cooling to
35°C, the volume was made up to 4000 mL using sterilized
tap water. In experimental variants, the media were prepared
from molasses with the addition of hydrolysates obtained after
pretreatment of rye, maize, and wheat stillage. For the pre-
treatment, 120-g DW of stillage mixed with 1200 mL of
0.2 M H,SO,4 was used. The mixture was then autoclaved
(Panasonic MLS 3751L laboratory autoclave) at 131°C for 1
h. Pretreatment parameters were selected as in previous stud-
ies [22]. The hydrolysate was made up to 3000 mL with sterile
tap water and then mixed with 1000 mL of molasses. The
medium prepared in this way was pasteurized at boiling tem-
perature for 60 min. After cooling, the pH of the solution was
4.90 and required only a slight adjustment to 5 with 30% w/v
NaOH. The solution was cooled to 35°C, and the volume was
adjusted to 4000 mL with sterilized tap water. The fermenta-
tion media were poured into an Eppendorf BioFlo 115 biore-
actor equipped with a temperature and pH control module,
sterile sampling module, and Rushtone stirrer operating at
600 rpm. The yeast inoculum was added at 35°C. In variants
where SSF technology was used, cellulase preparation was
added at a dose of 5-FPU/g DW. Alcoholic fermentation
was carried out for 72 h.

Analytical Methods
Analysis of the Concentration of Lignocellulose Components

Cellulose, hemicellulose, and lignin contents were determined
using the FOSS Fibertec® 8000 device. The analysis involved
the extraction of NDF (neutral detergent fiber), ADF (acid
detergent fiber), and ADL (acid detergent lignin). This was
in accordance with the manufacturer’s methodology, ISO
13906:2008 [25] and ISO 16472:2006 [26]. The NDF analy-
sis started with placing 1000+2 mg of Celite 545 (diatoma-
ceous earth) and 50042 mg of lignocellulosic biomass sample
(the measurement was recorded) in sintered ceramic crucibles
(P2, 40-100 um), and 500 + 100 mg of Na,SO; was added.
Hot extraction was performed using a FOSS Fibertec 8000®
instrument with a NDF solution (18.61-g/L C;oH4N;Na,Og
x 2H,0; 6.81-g/L Na,B40; x 10 H,0; 30-g/L sodium dode-
cyl sulfate; 10-mL/L CgH404; 4.56-g/L Na,HPO,). After
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Characteristics of experimental variants

Table 1.

Yeast dose [g/L] Concentration

Initial pH Total mash

Dose of cellulolytic

enzyme [FPU/g DW

of stillage]

Mash composition

Description

of soluble solids

[°Brix]

volume [mL]

24.1

4000 2.1

5.0

n/a

1000 mL of molasses and 3000 mL water

(molasses)

26.6

n/a
5

1000 mL of molasses and 3000 mL (40-g DW of rye stillage/L) pretreated solution
1000 mL of molasses and 3000 mL (40-g DW of rye stillage/L) pretreated solution

+rye still (stillage)
+rye still+SSF

26.7

26.6

1000 mL of molasses and 3000 mL (40-g DW of maize stillage/L) pretreated solution n/a
1000 mL of molasses and 3000 mL (40-g DW of maize stillage/L) pretreated solution 5

+maize still

26.8

+maize still+SSF

26.6

1000 mL of molasses and 3000 mL (40-g DW of wheat stillage/L) pretreated solution n/a
1000 mL of molasses and 3000 mL (40-g DW of wheat stillage/L) pretreated solution 5

+wheat still

26.8

+wheat still+SSF

L I UL . 0}

Mo

Mo

Mo

Mo

Mo

Mo

Mo

n/a, not applicable; DW, dry weight

extraction, the samples were rinsed with 25 mL of acetone and
dried for 2 h at 130°C to constant weight (the measured weight
was recorded). The samples were then ashed for 3 h at 525°C
(the weight was recorded). Based on the weight difference, the
NDF (cellulose, hemicellulose, and lignins) was calculated.
The ADF analysis was started by placing 1000+2 mg of
Celite 545 and 1000£2 mg of lignocellulosic biomass sample
(the weight was recorded) in sintered ceramic crucibles (P2,
40-100 pm). Then, hot extraction was performed using a
FOSS Fibertec 8000® instrument with an ADF solution
(26.7-mL/L H,SO4 (96%); 20-g/L cetrimonium bromide).
After extraction, the samples were rinsed with 25 mL of ace-
tone and dried for 2 h at 130°C to constant weight (the mea-
surement result was recorded). Based on the weight differ-
ence, the ADF (cellulose and lignins) was calculated. The
residue in the crucibles was used for the determination of
ADL and was subjected to acid hydrolysis with 72% v/v
H,SO, for 3 h at room temperature (approx. 22°C). After acid
hydrolysis, the sample was rinsed with distilled water until a
neutral pH was obtained. The samples were then dried for 2 h
at 130°C to constant weight (the result of the measurement
was recorded) and ashed for 3 h at 525°C (the measured
weight was recorded). Based on the weight difference, the
ADF (lignins) was calculated. The cellulose concentration
was calculated by subtracting the ADL value from the ADF
content. The hemicellulose concentration was calculated by
subtracting the ADF value from the NDF content.

Analysis of the Composition of Fermentation Media by HPLC

The composition of fermentation media was tested after inoc-
ulation with yeast and after 24, 48, and 72 h of fermentation.
Concentrations of glucose, fructose, xylose, arabinose, glyc-
erol, ethanol, acetic acid, and lactic acid were tested by HPLC
using the Agilent 1220 device extended with a thermostat
module (model 1260) and RID (refractive index detector)
(model 1260, Agilent Technologies®, USA) equipped with
a Hi-Plex H-Column (7.7 x 300 mm, 8 pum) (Agilent
Technologies®, USA). The operating temperature was 60°C
for the column and 50°C for the RID. The chromatographic
separation was performed with the 5-mM H,SO, mobile
phase at a flow rate of 0.6 mL/min., with an injection of
20 ul (according to the manufacturer’s instructions).
Quantitative analyses were performed using the external stan-
dards method (ESTD). Before the analysis, the media samples
were centrifuged (10 min, 7000 g, 20°C, MPW-260R), and
the supernatant was diluted with 5-mM H,SO, and filtered
through a 0.45-um pore size membrane filter (PES—polye-
thersulfone). The chromatographic column used did not allow
for direct determination of sucrose, the main sugar present in
molasses, but did allow the indirect determination of sucrose
as the sum of glucose and fructose [27]. Based on the compo-
sition of the fermentation medium, the fermentation yield was
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Fig. 1 Diagram of integration of first- and second-generation ethanol production technologies

calculated according to the formula:

Fermentation yield [%] = x 100

E
SC x 0.511
where E is the concentration of ethanol (grams per liter),
SC is the content of sugars (glucose, fructose, xylose, arabi-
nose in grams per liter), and 0.511 is the value representing the
theoretical ethanol yield [28].

Analyzing the Concentration of 5-Hydroxymethylfurfural
(5-HMF), Furfural, and Phenol Compounds in Fermentation
Media

The concentration of 5-HMF and furfural in the fermentation
media was determined using a liquid chromatography system
model 1220 by Agilent Technologies®, equipped with a di-
ode detector (HPLC-DAD—diode array detector). The chro-
matographic separation was performed on a ZORBAX
Eclipse Plus C;g column (4.6 x 100 mm, 3.5 um) (Agilent
Technologies®, USA) with a 0.3% acetic acid (70%) and
methanol (30%) mobile phase at a flow rate of 0.5 mL/min
and temperature of 30°C. Detection of 5-HMF, furfural, 4-
hydroxybenzoic acid, and vanillin was performed at 280 nm.
Syringaldehyde and trans-ferulic acid were determined at
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320 nm [29]. The quantitative analysis was carried out using
the external standards method (ESTD).

Analyzing the Composition of Volatile By-products in Raw
Spirit by GC (Gas Chromatography) Method

In order to determine the effect of individual process parame-
ters on the metabolic activity of yeast, the concentration of
volatile by-products of fermentation in raw spirits after distil-
lation on a glass column equipped with 20 bubble cap trays,
under stable distillation conditions, was also analyzed. The
ethanol concentration in the distillates was 89.0+£0.5% v/v.
The raw spirit samples were analyzed by capillary gas chro-
matography using a model 7890 by Agilent Technologies®
equipped with a FID (flame ionization detector) and a CP-
Wax 57 CB column (50 m x 0.32 mm, 0.2 um) (Agilent
Technologies®, USA). Detailed conditions of separation are
presented in Ktosowski and Mikulski [30].

Statistical Methods

All laboratory analyses were performed in triplicate. Statistical
analysis was carried out using the Statistica software ver. 13.3
(analysis of variance, determination of standard deviation,
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SD). ANOVA test and HSD Tukey’s test (Honest Significant
Difference test) were applied at the significance level of
a<0.05.

Results and Discussion

Fermentation of Media Composed of Molasses and
Stillage Hydrolysates Under the Conditions of the SSF
Technology.

The study confirmed the effectiveness of the use of hydroly-
sates obtained after acidic pretreatment of distillery stillage
with 0.2 M H,SO, at 131°C for the dilution of beet molasses.
The use of water for the preparation of a molasses solution
requires laborious adjustment of the pH with sulfuric acid to a
value of about 5, which is suitable for yeast growth. Replacing
the water with the hydrolysate obtained after acid pretreatment
with H,SO, resulted in a pH of about 4.90. The proposed
technological solution (fermentation of mixed mash contain-
ing pretreated stillage and beet molasses) solves yet another
problem in bioethanol production. The use of the acid-
pretreated hydrolysate to dilute the alkaline beet molasses
eliminates the problematic step of pH adjustment with sulfuric
acid to pH 5. The initial total sugar concentration in the me-
dium produced exclusively from beet molasses was 182 g/L
and was about 10 g/L statistically significantly lower than in
the media with molasses and rye stillage hydrolysates (Fig.
2a). Higher initial sugar concentrations in solutions containing
molasses and pretreated stillage hydrolysates were the result
of increased concentration of glucose (by ca. 2—5 g/L), xylose
(by ca. 1-3 g/L), and arabinose (by ca. 1-2 g/L) (Fig. 2a). The
results demonstrated that in each experimental variant, it was
possible to carry out an effective alcoholic fermentation in the
media containing molasses and distillery stillage hydrolysates.
The rate of sugar bioconversion into ethanol varied and
depended on the type of stillage (rye, maize, or wheat) and
the dose of the cellulolytic enzyme used in SSF technology
(Figs. 2 and 3). In the first 48 h of the fermentation process, the
rate of glucose and fructose uptake by yeast was similar in the
media with only molasses, in the media with molasses and rye
stillage hydrolysates, and also in the variant supplemented
with cellulases and maize stillage (Fig. 2c). After 72 hours
of fermentation, full attenuation (no digestible sugars for
yeast) was observed in all experimental variants, except for
the combined medium made of molasses and wheat stillage
hydrolysate supplemented with cellulolytic enzymes (SSF
technology) (Fig. 2d). The final concentration of fermentable
sugars in this medium was ca. 10 g/L. The analysis of the
absorption rate of fermentable sugars (glucose and fructose)
showed that the cellulolytic enzymes contained in Laminex
Super 3G had a negative effect on the fermentation activity of
yeast. In line with the original research concept, the

application of SSF technology and the use of cellulases at
the beginning of fermentation were expected to improve the
hydrolysis of the cellulosic substrate and increase the concen-
tration of glucose available for fermentation. Surprisingly, a
reduction in the rate of sugar assimilation during the first 48 h
of the process and incomplete attenuation of media made of
molasses and wheat stillage hydrolysates supplemented with
cellulases was observed (Fig. 2d). This effect was due to dam-
age to the cell wall caused by the high catalytic activity of
cellulases, which, in combination with the osmotic stress, neg-
atively influenced the metabolic activity. The presence of cel-
lulolytic enzymes in the fermentation medium may reduce the
viability of yeast (increase in the number of dead cells) and
lower the rate of biomass growth [31]. The disturbances ob-
served in the course of fermentation in the media prepared
according to the SSF technology were not accidental and were
reflected in the concentration of glycerol and ethanol (Fig. 3).
Reduced yeast fermentation activity in the media with cellu-
lase resulted in a lower concentration of glycerol (Fig. 3a), and
the final concentration of ethanol decreased from 2 to 6 g/L
(Fig. 3b) compared to the media containing molasses and
stillage hydrolysate in the absence of cellulases. The expected
positive effect of addition of cellulase on ethanol concentra-
tion was not observed, which could be due to the inhibition of
catalytic activity of cellulases by high glucose concentration
(product inhibition) [32]. An increased concentration of etha-
nol in the culture medium can also be the result of a lack of the
anticipated effects in the presence of cellulase. The presence
of ethanol in concentrations as low as 9% v/v caused a reduc-
tion in cellulase activity by up to 30% [33]. It should be noted,
however, that higher initial glucose concentrations in media
containing molasses and distillery stillage hydrolysates trans-
lated into an increase in ethanol concentration by 5.03+0.82 g/
L (p<0.001) compared to the medium made of molasses alone
(Fig. 3b). The higher concentration of ethanol also resulted in
a significantly higher, by ca. 3%, fermentation yield (medium
with maize stillage hydrolysate) in relation to the theoretical
efficiency calculated for the molasses mash without stillage
hydrolysate (Fig. 4). The by-product of the proposed techno-
logical solution is a stillage of approximately 5% DW, con-
taining mainly yeast biomass, undecomposed lignocellulose
fraction, glycerol, organic acids, and mineral substances,
which can be successfully used for biogas production.
Alternatively, it may be a component of animal feed mixtures.
It can also be composted after mixing with organic materials
such as peat, bark, sawdust, or vegetable waste.

The acetic and lactic acid concentrations in the fermenta-
tion media were also monitored. After adding stillage hydro-
lysates to the molasses, there was a slight increase in the acetic
acid concentration. A statistically significantly higher initial
concentration of acetic acid, by ca. 0.2 g/L (p<0.05), was
found in the medium made of molasses and the hydrolysate
of' maize stillage (Table 2). The acetic acid concentration in all
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analyzed variants during the entire fermentation process fluc-
tuated around 2 g/L. (Table 2). The highest initial concentra-
tion of lactic acid, ca. 7.5 g/L, was found in media made of
molasses and wheat stillage hydrolysates (Table 2). As a result
of yeast metabolic activity, the decrease in the concentration
of this acid during fermentation ranged from 0.2 to 1.1 g/L,
depending on the experimental variant (Table 2). Furfural and
5-HMF were not found in the fermentation media. These com-
pounds probably evaporated partially during pasteurization
for 1 h at a temperature over 95°C. Vanillin, 4-
hydroxybenzoic acid, syringaldehyde, and trans-ferulic acid
were not found in any of the fermentation samples.

Previous study of authors showed that acid pretreatment of
distillery stillage biomass with 0.2 M H,SO, for 60 min at
131°C was an effective initial step in the production of
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second-generation ethanol. The yield of ethanol from maize
stillage was 60% of the theoretical one [22]. The results of this
study confirmed the effectiveness of acid pretreatment in an
integrated system for the production of fuel ethanol from dis-
tillery stillage hydrolysates enriched with beet molasses.
Presumed that the performance of the SSF technology used
for the simultaneous fermentation and hydrolysis of the cellu-
lose found in the stillage of the distillery would be sufficient
when beginning the research. The aim was to avoid a separate,
energy-consuming enzymatic hydrolysis of cellulose lasting
up to 72 h at 50°C. Unfortunately, the results of the experi-
ment refuted this assumption. Under the conditions of this
study, the SSF technology did not produce the predicted ef-
fects due to cellulase activity inhibition (product inhibition).
The solution to this problem might be the separation of the
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Fig. 3 Concentration of glycerol (a) and ethanol (b) in subsequent hours of alcoholic fermentation
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Fig. 4 Fermentation yield in 72th
hours of the fermentation process
(% of theoretical yield)

Yield of fermentation [%]
2
(=]

Mol

cellulose saccharification and fermentation processes pro-
posed by Chen et al. [20] in their work on the use of corn
kernels and corn stalks as raw materials for ethanol production
in an integrated technology. At the fermentation stage, the
obtained starch and cellulose hydrolysates were combined
and completely fermented after 72 h. Similar solutions were
proposed for sugar cane, but it was also necessary in this case
to carry out costly and time-consuming enzymatic hydrolysis
of cellulose in addition to a separate fermentation process
[18]. Xu et al. [34] also integrated the production of first-
and second-generation ethanol by fermenting the mixed mash
containing starch and comn stover hydrolysates. Despite the
differences in the raw material used and the method of

Mol+maize Mol+wheat
still+SSF still

Mol+wheat
still+SSF

Mol+rye still Mol+rye Mol+maize

still+SSF still
Researchvariant

integration, the simultaneous use of starch and cellulose hy-
drolysate resulted in a high level of glucose conversion into
ethanol with 86% fermentation efficiency compared to the
theoretical one. In this study, a higher fermentation efficiency
(over 94%) was obtained. The possibility of simultaneous
fermentation of cellulose hydrolysates in combination with
molasses or sugar cane juice, i.e., raw materials used in the
production of first-generation ethanol, was also confirmed.
The addition of molasses also solves the technological prob-
lem associated with the presence of inhibitors in lignocellu-
losic hydrolysates. In this way, cellulose hydrolysates contain-
ing furfural or 5-hydroxymethylfurfural, which can complete-
ly inhibit the fermentation process [20], are diluted [18, 19].

Table 2. Concentration of acetic
acid and lactic acid in subsequent
hours of alcoholic fermentation

Experimental variant

Concentration of acetic acid [g/L] in
subsequent hours of alcoholic fermentation

Concentration of lactic acid [g/L] in
subsequent hours of alcoholic

fermentation
Oh 24 h 48 h 72 h Oh 24 h 48 h 72 h
Mol 1.89a 1.85a 2.18a 2.15a 6.78 a 6.83a 6.70ab 6.52a
+0.11 +0.01 +0.07 +0.04 +0.03 +0.05  +0.06 +0.13
Mol+rye still 1.89a 1.90 a 195b 2.06 b 6.82 a 6.78a 6.77ab  6.67 ab
+0.01 +0.01 +0.08 +0.02 +0.14 +0.14  +0.17 +0.14
Mol+rye still+SSF 193 a 197ab 2.03ab 2.06b 7.10 b 6.76a 6.73ab  6.66 ab
+0.17 +0.11 +0.10 +0.08 +0.10 +0.15  +0.09 +0.25
Mol+maize still 2.05b 2.03b 205ab 2.19ab 7.03ab 7.02a 698a 691 b
+0.02 +0.04 +0.08 +0.08 +0.07 +0.18  +0.18 +0.11
Mol+maize still+SSF 2.12 ¢ 2.14b 2.16a 2.18ab 7.05ab 696a 6.81la 6.78 ab
+0.05 +0.09 +0.09 +0.12 +0.06 +0.08  +0.02 +0.10
Mol+wheat still 1.97abc  2.04b 206ab 2.10ab 7.37c 6.81a 6.60b 6.37a
+0.16 +0.03 +0.07 +0.07 +0.21 +0.04  £0.02 +0.05
Mol+wheat still+SSF~ 2.02 abc  2.04 b 2.08ab 2.10ab 7.52c¢ 692a 6.59b 643 a
+0.13 +0.10 +0.14 +0.08 +0.30 +0.03  +0.03 +0.10

The mean values given in columns with different letter index are significantly different (a<0.05)
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The limitations of simultaneous cellulose hydrolysis and fer-
mentation prompt the search for technological solutions aimed
at eliminating the inhibition of cellulase products and mitigat-
ing the negative effect of cellulolytic enzymes on yeast fer-
mentation activity. One of the possible solutions to be imple-
mented in further stages of the research is fermentation of
sugars in the medium before cellulose hydrolysis, which
would start only after 48 h of fermentation. Due to the harsh
conditions in the fermentation environment, the use of
osmoprotectants to support the cellular stress response during
the fermentation process is being considered. One of the main
benefits of the proposed integrated technology is the use of
stillage biomass, a by-product of first-generation ethanol pro-
duction, to produce second-generation ethanol. The advan-
tages of combining acid-pretreated stillage hydrolysates and
sugar-rich beet molasses for the preparation of fermentation
media have been presented. One of them is the reduction in the
concentration of inhibitors generated at the pretreatment stage.
Another advantage is the neutralization of alkaline molasses
solutions by acid stillage hydrolysates. The mash pH after
combining both ingredients is approximately 5. The addition
of stillage hydrolysates increases the concentration of ferment-
able sugars in the molasses medium by approximately 10 g/L,
which results in a statistically higher concentration of ethanol
after fermentation compared to the molasses medium without
hydrolysates. Other authors [20] proposed the simultaneous
use of starch raw materials (corn grains) and lignocellulosic
biomass (corn stover) in the production of fuel ethanol.
However, due to the high price of the grain, the use of starch
raw materials to generate fuel ethanol may not be profitable.
This problem can be exacerbated by the low quality of the
distillate obtained after combining the starch mash with the
cellulose mash. Studies of the authors showed that the dis-
tillates from molasses and cellulose hydrolysates are of
poorer quality. They contain excessive amounts of volatile
fermentation by-products and cannot be for consumption.
Therefore, the simultaneous use of molasses and cellulose
hydrolysates for the production of fuel ethanol was pro-
posed. Integrating ethanol production through the simulta-
neous use of beet molasses and acid-pretreated stillage en-
sured a high fermentation efficiency compared to the theo-
retical one (up to 94.4%). A comparison of this result with
other studies is presented in Table 3. The proposal to pro-
duce fuel ethanol from two different raw materials (beet

molasses and stillage) is an original contribution to the de-
velopment of fermentation technology.

Yeast Fermentation Activity and the Composition of
Volatile By-products in Samples of Raw Spirits
Produced with the Use of SSF Technology

One way to assess the influence of operations and unit pro-
cesses carried out during ethanol fermentation on the meta-
bolic activity of yeast is to monitor the qualitative and quan-
titative composition of the volatile by-products generated
during the process. Volatile by-products were analyzed in
samples of raw spirit obtained by distilling the fermentation
media. Although the metabolic activity of yeast can be
assessed by the presence of specific groups of volatile by-
products of fermentation in the crude spirit, there is no pub-
lished data showing the composition of volatile by-products
in cellulosic distillates. The analysis of the composition of
volatile by-products in spirits is important since many coun-
tries have standards for the presence of contaminants in fuel
ethanol [35, 36]. It should also be noted that the concentra-
tion of individual groups of contaminants may vary during
the ethanol dehydration process on molecular sieves.
Compared to the molasses distillate, the distillates from
the molasses/cellulose media had a higher content of alde-
hydes such as acetaldehyde, isobutyraldehyde, isovaleric
aldehyde, and furfural (Fig. 5a). In spirits from distilled
fermentation media made of beet molasses and stillage hy-
drolysates, multiple times higher concentrations of acetal-
dehyde were identified. The increase was threefold for the
rye stillage and more than fivefold for the media made from
molasses and maize or wheat stillage hydrolysates (Fig. 5a).
This clearly indicates that the activity of alcohol dehydro-
genase, which is a key enzyme involved in the reduction of
acetaldehyde to ethanol, is expected to decrease when in-
hibitors such as furan aldehydes are present in hydrolysates
after acid pretreatment of lignocellulose [37]. The analysis
of changes in the concentration of ethyl acetate in distillates
in experimental variants showed that the concentration of
this compound in the distillates obtained from molasses-
cellulose media without cellulases was lower by more than
120 mg/L, compared to pure molasses distillate.
Interestingly, the use of cellulases in fermentation media
from molasses and stillage hydrolysates resulted in an aver-
age fourfold increase in the concentration of this ester to the

Table 3. Comparison of the
obtained fermentation yield with

other studies

Raw materials Fermentation yield [%] References
Corn grain and corn stover 74.8-80.5 [20]
Corn grain and corn stover 79.6-86.0 [34]
Beet molasses and distillery stillage 86.1-94.4 This study
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maximum level of 924.4+11.8 mg/L (p<0.001) (Fig. 5b).
The use of highly active cellulases may destabilize the yeast
cell wall and, as a result, affect cell homeostasis. This in turn
disrupts the cellular metabolism of yeast and may increase
the activity of acetyltransferase, the enzyme involved in the
formation of ethyl acetate, during alcohol fermentation [38].
The concentrations of methanol, 1-butanol, and 1-propanol
in the distillates from molasses and stillage hydrolysates
were also higher than in the molasses distillates (Fig. 5b,
5c¢). The increased amount of methanol is not surprising as
this compound comes from the breakdown of pectins that
are not present in the molasses. The higher concentration of
1-propanol in the molasses-cellulose distillates is likely due
to the higher abundance of fermentable sugars that are in-
volved in the biosynthesis of this higher alcohol, which has
no amino acid precursor [39]. In contrast to the
abovementioned alcohols, the molasses-cellulose distillates
contained lower concentrations of isobutanol, 2-methyl-1-
butanol, and 3-methyl-1-butanol compared to molasses dis-
tillates. The concentrations of isobutanol, 2-methyl-1-buta-
nol, and 3-methyl-1-butanol were lower by ca. 180 mg/L
(p<0.001), 230 mg/L (p<0.001), and 190 mg/L (p<0.001),
respectively (Fig. 5¢). This shows that the by-products of

acid lignocellulose pretreatment are toxic and they slow
down the metabolism of valine, isoleucine, and leucine,
which are the precursors to these higher alcohols [40]. The
reduced concentration of higher alcohols in the distillates
may be caused not only by the limited amount of the corre-
sponding amino acids but also by the presence of inhibitors
or by a damage to branched-chain amino acid transam-
inase, a key enzyme involved in the biosynthesis of
isobutanol, 2-methyl-1-butanol, and 3-methyl-1-butanol
[41]. The lowest concentration of the abovementioned
higher alcohols was found in the distillates obtained
from the media with molasses and wheat stillage hydro-
lysate. In these media, the highest concentration of lac-
tic acid (ca. 7.5 g/L) was found; therefore, this com-
pound was probably responsible for the reduced activity
of the enzyme involved in the biosynthesis of
isobutanol, 2-methyl-1-butanol, and 3-methyl-1-butanol.

Conclusions

The use of beet molasses and waste distillery stillage after
dilute acid pretreatment at 131°C in one technological line is
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an alternative way of integrating the production of first- and
second-generation fuel ethanol. The hydrolysates obtained
from the acidic pretreatment of distillery stillage can be com-
bined with alkaline molasses to provide a complete fermenta-
tion medium. However, the proposed method of integrating
the first- and second-generation ethanol production using SSF
technology requires further optimization in order to maintain
high catalytic activity of cellulases for a more efficient use of
the raw material. The results obtained indicate the further
course of research aimed at developing an efficient technology
for the production of cellulosic ethanol from agri-food indus-
try waste materials.
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