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The production of protein and purified protein isolates from legumes using wet fractionation technol-
ogy generates liquid starch-containing waste, a significant disposal problem. Such wastes can be consid-
ered feedstocks for biofuels, particularly bioethanol. In this way can be achieved a double effect: the
valorisation of starch liquid wastes (SLW) and the partial replacement of food raw materials for energy
needs.

Aim. To investigate the possibility of preparing a complex nutrient medium using standardised SLW
after pea fractionation with the addition of milled corn for further fermentation to produce bioethanol.

Methods. Standardised SLW was obtained by the wet fractionation laboratory method; starch content
was determined according to GSTU 46.045-2003, and protein content was determined by the Kjeldahl
method in accordance with AOAC 979.09. Bioethanol was obtained in a laboratory fermenter using a
simultaneous saccharification and fermentation (SSF) process. The leading indicators in the fermented
samples were determined using the methods specified in SOU 15.9-37-242:2005.

Results. For all samples of combined wort with a concentration range of 25-29% w/v dry matter
(DM), the process can practically be completed in 72 hours. Ethanol content in the fermented wort was
10.6+0.05—12.1+0.05% v/v for wort samples of the mentioned DM concentration.

Conclusions. During the fermentation of combined wort, pea starch, which is also present in the wort,
gives an increase in the ethanol concentration in the fermented wort. The final ethanol yield from com-
bined wort starch is low (0,6+0,04 1/kg), lower than from corn starch (0.665 1/kg). For the development
of Very High Gravity (VHG) fermentation technology, it is necessary to select appropriate enzymes and
parameters for the hydrofermentative preparation of combined wort.
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of bioethanol. According to preliminary
estimates, starch-containing sources are used

The world continues to trend towards
increasing biofuel production in order to

prevent an increase in the concentration
of greenhouse gases in the atmosphere.
According to the latest estimates of the World
Bioenergy Association (WBA), according to
statistical reports and current reviews, global
production, in particular, of bioethanol, will
reach more than 116 billion liters by the end
of 2025, which is about 70% of global liquid
biofuel production[1].

This in turn requires the use of ever-
increasing volumes of plant raw materials for
energy needs, often at the expense of food or
feed. This is especially true for the production

as the main raw materials - about 60%, the
share of production from sugar-containing raw
materials (mainly sugar cane, sugar beet) will
be approximately 40% [2].

Balancing the use of crops for food and
feed production or biofuel production remains
a challenge with both economic and ethical
dimensions. To avoid criticism of using of food
raw materials to meet energy needs, alternative
feedstock sources are being considered for the
latter [1-3].

For more than 30 years, lignocellulose (the
so-called second-generation feedstock) has
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been considered as an alternative feedstock
for bioethanol. However, the realization
of hopes for lignocellulose feedstock has
not yielded the expected results, but rather
has led to disappointment in the economic
attractiveness of lignocellulose-based
bioethanol technologies. The immaturity of the
proposed technological solutions, fluctuations
in fossil fuel prices and logistical problems
have led to a decrease in optimism regarding
the replacement of traditional starch with
cellulose for bioethanol production. The same
problems exist with respect to bioethanol from
third- and fourth-generation feedstocks — algae
and the use of various genetically modified
organisms (microalgae and cyanobacteria)
that are capable of assimilating CO, to form
biofuels [3—5].

Given the problems of scaling up new
generation bioethanol technologies to
the industrial level, the first-generation
bioethanol technology is also being improved.
In particular, the concept of “1.5 generation”
has appeared quite recently. The technology
aims to maximize the yield of the target
product and obtain bioethanol from non-
starch polysaccharides and other compounds
contained in grain raw materials through the
use of new technologies and a full range of
enzymes that form fermentable sugars in the
fermentation medium [6].

On the other hand, various starch-
containing wastes are used in production and
are not considered food or feed raw materials.
Recently, the production of protein isolates
from legumes has been increasing. Soybeans,
peas and other crops are subjected to grinding
and fractionation, obtaining protein-enriched
fractions for further use in the food industry.
There are a number of technologies for
fractionation of yellow field peas, including the
air classification process (dry fractionation)
and wet fractionation [7, 8].

Both fractionation methods can partially
separate the protein and starch parts.
Comparing the dry and wet fractionation
methods, it should be noted that the wet
fractionation method yields higher-purity
soluble and insoluble protein fractions.
The prospects of wet pea fractionation
technology are confirmed by plans to build
production capacities of up to 35,000 t/year
by Phyto Organix in Canada and Alfa Laval for
Lantm nnen in Sweden by 2027.

However, it should be noted that during
wet fractionation in industry, significant
amounts of water are used (from 5-10 m?
of water per ton of milled pea). A number of

technological solutions used in fractionation
are aimed at obtaining highly purified protein
isolates, whose need is growing. Requirements
for the purity of the target product result in
the formation of starch-containing liquid
waste, which is a significant problem [7—10].

Given their unsuitability for further
processing into food or feed products, such
liquids can be considered feedstocks for
biofuels, particularly bioethanol [7, 9]. This
will achieve a double effect — valorization
of starch-containing liquid waste (SLW) and
partial substitution of food raw materials for
energy needs.

This work aims to investigate the feasibility
of preparing a complex nutrient medium from
standardised starch-containing liquid waste
from pea fractionation, supplemented with
corn milling, for further fermentation to
produce bioethanol.

Materials and Methods

Obtaining standardised SLW

Waste from wet fractionation at different
enterprises, depending on technological
features, has specific differences in
composition and concentration. Based on
literature data, a wet fractionation method was
simulated in laboratory conditions to obtain
standardized SLW, which was subsequently
used in experiments [8].

The raw material used was yellow pea beans
(Pisum sativum L.), with a starch content of
45.3% DM according to GSTU 46.045-2003
and a protein content of 21% DM according to
the Kjeldahl method (AOAC 979.09). The dry
matter content was determined by drying on a
Kern ADS-50 moisture balance.

Pea grinding was carried out using a grain
mill LZM-1 (Ukraine) until a homogeneous
grind was obtained (a sieve with a hole
diameter of 1 mm used).

Milled yellow pea (50 g) was dissolved
in distilled water in a ratio of 1:10. The pH
of the solution was adjusted to 8.0-8.6 by
adding a decinormal solution of NaOH, and
the determination was performed using a
laboratory analyzer.

The slurry was left to mix on a magnetic
stirrer for 1 hour and 30 minutes. Centrifuga-
tion was performed on a laboratory centrifuge
at 5000 rpm for 15 minutes. The precipitate
separated from the supernatant contained a
starch fraction with grain residues.

The supernatant was used for protein
precipitation. Precipitation was carried out
with a decinormal H,SO, solution. The pH of
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the solution was adjusted to 4. Centrifugation
was carried out at 5000 rpm for 15 min. The
separated precipitate contained the protein
fraction. The resulting supernatant contained
starch and protein residues.

The precipitate was added to the separated
liquid after the first stage of fractionation to
obtain 10% of the DM at pH 4.6. The content
of the main components of the standardised
SLW: conditional starch content — 62.9% of
the DM (the primary method of GSTU 46.045-
2003), protein (Kjeldahl method) — 5.8% of
the DM. The scheme for obtaining standardised
SLW and the main indicators are presented in
Fig. 1.

Raw materials for medium preparation

The obtained standardised SLW, with
additional milled corn, was used as a feedstock
for fermentation medium preparation. The
content of the main components of corn grain:
starch — 63% DM, protein — 5.5% DM,
moisture content — 14%.

Corn was milled until a homogeneous grind
was obtained (passage through a sieve with a
diameter of 1 mm hole > 95%). The finished
grind was added to the standardised SLW
to 25, 27, and 29% dry matter for different
samples.

Preparation of fermentation medium

Bioethanol production was carried out in a
laboratory fermenter for wort with a volume of
1.5 1 for each of the samples, according to the
scheme of simultaneous saccharification and
fermentation.

The main enzymes (manufactured by
International Flavors & Fragrances, Health &
Biosciences division) included: thermostable
a-amylase (starch hydrolysis) — Amylex® 6T,
glucoamylase (formation of fermentable sugars
during the fermentation stage) — Diazyme®
TGA, acid protease (hydrolysis of peptides
and proteins) — Alphalase® AFP, phytase
(formation of free phosphorus and inositol
for additional yeast nutrition) — Optimash®
Ptytase, fungal o-amylase (reduction of
insoluble starch due to hydrolysis during the
fermentation stage) — Optimash® SA. Test
samples provided by LLC Agrotechnology. The
required amount of enzyme solution (1:100)
for each sample was calculated according to the
manufacturer’s recommendations, accounting
for the DM amount.

The required amount of a-amylase was
added to the previously prepared samples
at pH 6.0+0.2. The medium was heated to
75—-80 °C, with periodic stirring to prevent dry
matter from sticking. After reaching 80 °C,
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Fig. 1. Scheme of obtaining standardised starch liquid waste
after pea fractionation in laboratory conditions
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gelatinization of the starch in the medium and
its hydrolysis were observed, and the medium
was observed to be liquefied. The temperature
was increased to 88-90 °C and maintained
for 3 h under stirring. The saccharification
process was monitored by reaction with
iodine solution. The absence of a color
change indicated the efficiency of the starch
hydrolysis process catalyzed by a-amylase.
After the hydroenzymatic treatment, the
medium was cooled to 33+2 °C.

To 1.5 liters of cooled wort, 85%
concentrated orthophosphoric acid (0.3 ml
per sample), 25% urea solution (22.5 ml per
sample), enzymes solutions (1:100) in the
required amount, and 0.1% antiseptic solution
(4.5 ml per sample) were added.

Process of fermentation of the medium with
the production of bioethanol

Fermentation was carried out on
a MicroFerm Laboratory Fermentor
fermentation stand (USA). An industrial strain
of dry yeast was introduced into the finished,
cooled wort. A test sample of Saccharomyces
cerevisiae Ethanol E yeast, manufactured
by Angel (China), was provided by LLC
Agrotechnology. The choice of culture was
justified by its high resistance to temperature,
pH, ethanol concentration in the medium,
and other stress factors that arise during
fermentation. Fermentation of each sample
was carried out for 72 h, with mixing, cooling,
and temperature stabilisation maintained
throughout. Sampling for analysis was carried
out every 24 h.

Research on the fermented medium

In the fermented samples, the main
indicators were determined according to
the methods of SOU 15.9-37-242:2005. The
volumetric ethanol content was determined
using a hydrometer at 20°C and an Anton Paar
density meter DMA 4101.

Statistical analysis

After conducting experiments in triplicate,
the arithmetic mean minus the standard
deviation was determined and taken as the
result. Statistical analysis of experimental
data was performed using Microsoft Excel
(Microsoft Corporation, USA) and Origin
(OriginLab Corporation, USA). The reliability
of the difference between indicators was
assessed using a Student’s t-test at the 5%
significance level.

Results and Discussion

Since the preparation of a complex nutrient
medium from starch-containing raw materials
has certain features, for the implementation
of the experimental part, we proposed the use
of standardised SLW. For this, the wet starch
residue, with the residual protein and other
components of pea beans (after fractionation),
was additionally added to the supernatant after
separation of the protein fraction, resulting
in a stable DM of 10% . Thus, we managed to
obtain SLW, which can be easily incorporated
into the existing scheme for the production of
ethanol from dry grind, taking into account
the necessary technological features. In fact,
use SLW to replace process water for mixing,
and regulate the amount of dry matter in the
medium by adding additional corn milling.
This approach may allow SLW to be considered
a raw material for industry due to its ease of
integration into existing production.

After analyzing the content of the
main components of the standardised SLW
(conditional starch content, protein content),
it was found that their values are within
approximate limits to the indicators of the
starting raw material (corn). This, in turn,
makes it possible to calculate the amounts of
enzymes and excipients, as well as control the
leading indicators of fermentation efficiency,
in particular ethanol yield.

To confirm the feasibility of preparing a
nutrient medium using standardised SLW and
corn and further ethanol fermentation, a series
of experiments was conducted with varying
DM levels in the wort.

Fig. 2 shows the dynamics of ethanol
accumulation in the medium during
fermentation. Fermentation was stopped after
the same test time for all samples — 72 hours
after adding yeast to the wort at a temperature
of 32+ 0.1 °C. The choice of fermentation time
is due to practical considerations: the volume
of industrial fermenters for starch-containing
raw materials in Ukraine is usually calculated
for this time.

The results of fermentation tests showed
that, for all samples of combined wort with
a concentration of 25-29% w/v DM, the
process can be practically completed within
the specified time. This is also evidenced by
the identical ethanol yield from conditioned
starch in all three samples, 0.6+0.004 1/kg
(see Table 1). The practical completion of the
fermentation process for the wort with the
highest DM content in 72 hours indicates the
possibility of increasing DM in the wort and
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Fig. 2. Dynamics of ethanol accumulation
for samples using SLW and milled corn
and different content of DM

* — P <0.05.

using VHG (Very High Gravity) technology
to reduce the volume of liquid involved in the
technological process. In industrial conditions,
this enables reducing energy requirements
by up to 44% steam consumption at the
distillation/rectification and dehydration
stages of bioethanol processing, and the
processing of the distillation by-product [12].
Analysis of the obtained data, given in
Table 1, showed that the final ethanol content
in the fermented wort is determined only by
the concentration of DM, regardless of the

ratio of pea and corn starch, since the main
technological parameters and the amount of
additional components remained unchanged.
In this case, the required amount of enzymes
for each sample was added according to the
manufacturer’s recommendations, increasing
it in proportion to the DM concentration. It
should also be noted that the enzyme complex
did not contain cellulase, which is used to
further increase the yield of ethanol by
hydrolysis of the cellulose and hemicellulose
structures present in corn grain and pea. Thus,
the sugars used by yeast to produce ethanol
during fermentation were obtained only from
the starch in the complex medium.

According to the literature, the average
ethanol yield is 0.665 1/kg of corn starch [11].
Based on this, the possible ethanol content in
the fermented medium only from corn starch
contained in corn is 9.22% v/v., 8.38% v/v,
7.54% v/v for 29%, 27% and 25% w/v
DM in the wort, respectively. The ethanol
concentration in fermented wort in all tests
was higher (Table 1). This means that the yeast
also used the fermentable sugars of pea starch
to produce ethanol.

The average ethanol yield from the
conditional starch contained in the combined
medium was 0.6+0.004 1/kg for all samples —
less than the standard ethanol yield from corn
starch. That is, not all the starch contained in
the samples was sufficiently hydrolyzed. Since
the laboratory tests used standart conditions
for preparing wort from corn, this result may
indicate that during mashing and liquefaction,
starch in the SLW was insufficiently
hydrolyzed.

Table 1. Results of test experiments with samples of combined wort

Indicators Sample 1 Sample 2 Sample 3
DM content, % w/v 29+0.2 27+0.2 25=+0.2
“Pea to corn starch ratio, g/g 62.9/138.6 62.9/126.0 62.9/113.4
*Corn grind (g) 220 200 180
*Amylex® 6T (1:100), ml 5 4.7 4.4
*Diazyme® TGA (1:100), ml 9.2 8.6 8
*Alphalase® AFP (1:100), ml 1.35 1.26 1.17
*Optimash® SA (1:100), ml 0.83 0.78 0.73
*Optimash® Ptytase (1:100), ml 1.35 1.26 1.17
Ethanol in fermented wort, % v/v#** 12.1+0.05 11.35+0.05 10.6=0.05
Yield, 1/kg starch 0.6+0.003 0.6+0.006 0.6+0.004

* Data for 1 liter of medium. ** — P < 0.05.
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The ethanol yield in samples with different
ratios of pea and corn starch was practically the
same or within the limits of the determination
error. This is probably explained by the fact
that the ratio of pea to corn starch in all
samples was close.

Thus, to increase the product yield, the
specifics of pea starch should be taken into
account, for which it is necessary to further
optimize the conditions and combinations
of thermostable enzymes for liquefaction
processing of the nutrient medium. This is
especially need for the use of SLW for the VHG
fermentation technology with high DM content
[13].

Conclusions

The results of laboratory tests confirm
the possibility of using combined wort with
starch liquid wastes after wet fractionation
of pea and milled corn to produce bioethanol
with appropriate selection of enzymes and
technological modes of wort preparation. For
samples of combined wort with a concentration
of 25-29% w/v DM, the average ethanol yield
from conditional starch is 0.6+0.004 1/kg, lower
than from corn starch (0.665 1/kg). Further
research will aim to develop technological
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BUKOPUCTAHHA BIAXOAIB ®PARIIIOHYBAHHSA I'OPOXY
TP BUPOBHUIITBI BIOETAHOJIY
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HarmionanpHoi akagemii HayK YKpaiuu», Kuis
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Opep:kaHHA TPOTEIHY Ta OUYHUINEHUX MHPOTEIHOBUX iB0JIATIB i3 0000BUX KYJBTYP 3a TEXHOJIOTIEIO
TeXHOJIOTil BoJororo (paKIioHyBaHHSA IPU3BOAUTH [J0 VTBOPEHHS pPIAUHHUX KPOXMAaJeBMiCHUX
BigxXomiB, yTHIi3aIliad AKUX € 3HAUHOIO mpobsemoro. Taki BiAxoam MoKHA PO3TJIAAATH AK CUPOBUHY IS
b6iomasnuBa, 30KpeMa 6ioeTaHony. TakuM UMHOM MOKHA OyAe HOCATTU MOABIHHOTO eeKTy — yTuaisarii
KpoxMmajeBMicHUX pigmHHUX Bigxoxis (KPB) Ta yacTKoBOI 3aMiHM Xap40BOi CUPOBUHU /I eHEPTETUUYHUX
moTpeo.

Mema. [ocaiguTyi MOMKJIUBICTH NOPUTOTYBAHHA KOMILJIEKCHOTO IIOKMBHOTO CEpeJoBUINA 3
BUKODPUCTAHHAM cTaHzapTusoBanoro KPB micaa dpakiiioHyBaHHA ropoxy 3 AOJAaBaHHAM IOAPiOHEHOI
KYKYPYA3H IJId TOAAIBINO0I (hepMeHTAaIlil 3 MeTo0 OTpuMaHHA 6ioeTaHOTY.

Memodu. CrangaprusoBanuiit KPB omep:xyBain MeTOIOM BOJIOTOTO (PpaKI[ioOHyBaHHS 3a Ja00OPATOPHUX
YMOB, BMicT KpoxmaJio BusHauaau 3a 'CTY 46.045-2003, micT nmpoeiny 3a meTogom K’enbaansa BigmoBigHo
no metoguku AOAC 979.09. Bioeranos omep:kyBaniu B JlabopaToOpHOMY (PepMeHTepi 3 BUKOPHCTAHHAM
IIPOIleCy OZHOUYACHOT'O OIYKpIoBaHHA Ta (pepMeHTaIriito. OCHOBHI IMOKAa3HUKU Y (hepMEHTOBAHUX 3pPasKax
BH3HAYAJIN 34 JOIIOMOI'0I0 MeToiB Bigmosiguo o COY 15.9-37-242:2005.

Pesynvmamu. [l ycix 3paskiB koMGiHOBaHOIO cycJiia 3 KOHIIeHTpaIiero B gianasoni 25—29% cyxux
pevoBuH (CP) mpoilec mpakTUYHO MOKe OyTU 3aBepIieHo 3a 72 roguau. BmicT eTamosny y hepMeHTOBAHOMY
cycui cragoBuB 10.6+0.05—12.1+0.05% 00. g4 3pas3kis cycia i3 3asHaueHor0 KoHieHTpaiieo CP.

Bucnoexru. Ilixg uac 6pominHs KOMOiHOBAHOIO CcycJja TOPOXOBHUII KPOXMAaJb, AKUN TAKOMK IIPUCYTHI y
cycJIi, 30iJIbIITye KOHIIEHTPAIIil0 eTaHoJIy B (depMeHTOBaHOMY cycJai. KiHnmeBuil BUXia eTaHOY 3 KPOXMAJII0
o0’equanoro cycaa HusbKuii (0.6+0.004 s/Kr), HMKUUI, HiK TIIBKH 3 KYKYPYA3AHOTO_KPOXMAJIIO
(0.665 a1/KT). JI)1a pOo3pO0OK Y TeXHOJIOTi1 OPOAiHHA Ay Ke BUCOKOI ITiIbHOCTI HeoOXigHo migiopaTu BigmoBigHi
Tunu (pepMeHTiB i mapaMeTpu rigpodepMeHTaTUBHOTO IPUTOTYBAHHA KOMOiHOBAHOTO CcycCJIa.

Knarmouwosi cnosa: Topox, piaki Bigxoam mepepobJeHHS KPOXMAaJIO, (PpakIilioHyBaHHs, (pepMeHTAIlid,
3aTop, (pepMeHTAallis cepemoBuinia HagBucokoi ryctuau (VHG), 6ioeTaHour.
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