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Abstract. Sugar production has a significant impact on the environment, which makes it necessary
to introduce more efficient and environmentally friendly technologies. One such alternative is
the use of biotechnological approaches to improve the quality of sugar syrups and the production
of organic sugar without the use of chemicals. The purpose of this study was to evaluate the
efficiency of enzymatic methods of syrup purification using pectinesis and amyloglucosidase and
determine their impact on the quality of the final product, as well as to investigate the possibilities
of processing sugar by-products into useful substrates for other food industries. Enzymatic
purification and ultrafiltration methods were used to achieve this goal. During the experiments,
a syrup with a residual pectin content of 0.02% * 0.005 and starch content of no more than 0.01%
was obtained, which indicates a high level of purification. The combined use of enzymatic and
membrane methods allowed improving the stability of the process and increasing productivity to
120 litres of syrup per hour, which also helped to reduce energy costs by 8% and reduce the duration
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of technological stages by 10%. The results showed that enzymatic purification of the syrup
reduced the level of impurities in molasses and contributed to an increase in the yield of bioethanol
to 88% * 2, which is 9% higher than in the control group. It was found that the feed obtained
from pulp after biotechnological treatment had high quality indicators: a decrease in moisture
content to 10% 0.5, a decrease in microbial activity to 5 x 103 CFU/g and increase the mechanical
strength of pellets to 92% * 4. The results showed significant benefits of enzymatic technologies,
in particular, reducing the cost of chemical reagents and waste disposal. The practical significance
of the study lies in the fact that the use of biotechnological methods can significantly increase
the efficiency of organic sugar and feed production, helping to reduce the environmental burden

Keywords: chemical impurities; enzymatic purification; membrane purification; molasses; by-

products

Introduction
Biotechnologies are increasingly influencing
food production, especially in the sugar indus-
try, opening up new opportunities to improve
the quality of the final product and reduce the
negative environmental impact. Sugar produc-
tion faces many challenges, such as the need to
reduce impurities in the final product as well as
to process significant amounts of by-products.
In this context, research on the impact of in-
novative biotechnologies is critical. Biotechno-
logical methods allow producing pure organic
sugar without the use of chemicals, while con-
tributing to sustainable development through
ecological waste processing. For example, the
study by G. Kovalenko (2019) showed that the
introduction of biotechnological solutions can
significantly optimise waste processing costs
and increase the environmental compliance
of production processes. Similar ideas were re-
flected in the paper by A. Bezpala et al. (2024),
who focused on the rational use of sugar
by-products, such as pulp, for the production of
feed or substrates for other industries.

Improving the quality of the final product
in biotechnological production is made possi-
ble by the use of advanced microbial cultures
and enzymes (Nabiyev et al., 2024). For ex-
ample, V. Nikulshyn et al. (2022) considered
energy-saving options to optimise produc-
tion processes that simultaneously reduce the
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negative impact on the environment. M. Stein-
wand & P. Ronald (2020) noted that the use of
genetically modified sugar beet crops can not
only reduce the number of pests and chemical
treatments, but also provide a product with
improved organoleptic qualities. Processing
of sugar by-products opens up significant op-
portunities for ensuring sustainable industrial
development (Panasiuk & Myskovets, 2023).
M. Meghana & Y. Shastri (2020) explored ways
to use waste efficiently, such as converting it
into biofuels or biopolymers. This increases the
value of waste and helps to reduce environmen-
tal pollution. Such innovations correspond to
global trends in sustainable development and
allow creating circular economic models that
integrate several branches of the food industry.
The relevance of this problem was emphasised
by M. Rajaeifar et al. (2019), who analysed the
transition to a waste-to-energy conversion
strategy as an efficient way to reduce the neg-
ative impact on the environment, which pro-
motes more sustainable use of resources and
reduces the environmental footprint. P. Suk-
phun et al. (2023) considered the double stages
of processing sugar industry waste to produce
biogas. This approach allows not only reducing
the amount of waste, but also obtaining renew-
able energy sources, which can affect the sus-
tainable development of the industry as a whole.
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In the context of the development of bio-
technology in the food industry, it is also im-
portant to consider the economic and political
factors that influence the introduction of inno-
vations (Kolisnik & Polishchuk, 2023). K. Alek-
seieva et al. (2023) highlighted the importance
of government support for businesses, especial-
ly in crisis situations, to ensure economic sus-
tainability and food security. These researchers
analysed state support programmes in Ukraine,
in particular, in the agro-industrial sector,
which directly affects the production of sugar
and other food products. They emphasised the
need to create a favourable environment for the
functioning and reproduction of businesses in
the new economic environment, which is espe-
cially relevant for innovative biotechnological
enterprises in the food industry. As noted by
K. Alekseieva et al. (2023), the effectiveness of
government support programmes and clear cri-
teria for selecting viable enterprises are key fac-
tors for stimulating the development of prom-
ising technologies, including biotechnological
innovations in the sugar industry.

The studies by B. Biyashev et al. (2023),
E. Shahini et al. (2024), and D. Breus et al. (2024)
highlighted a critical issue of the environmen-
tal impacts of war, which can be long-term and
irreversible for ecosystems and human health.
The researchers emphasised the importance of
understanding the extent of the impact of such
events on natural resources and developing ef-
fective measures to restore them. These aspects
are also directly related to the sugar industry,
since a violation of the ecological balance can
significantly affect the quality of raw materials
and production conditions. As noted by E. Sha-
hini et al. (2024), planning for the recovery of
affected areas, including ecosystem restora-
tion, is an important component of ensuring
the sustainable development of various food
industries, including sugar production, which
highlights the need to integrate environmental
considerations into the development of bio-
technological innovations for this sector.

M. Nawaz et al. (2021) considered the con-
cept of zerowaste through bio-wastewater treat-
ment, which allows the conversion of contam-
inated water typical of the sugar industry into
useful resources and contributes to the produc-
tion of valuable products. This is another exam-
ple of a strategy for converting industrial waste
into useful resources, contributing not only to
the sustainable development of the industry,
but also to the preservation of the natural en-
vironment. It is also worth noting the study by
K. Bueno-Zabala et al. (2020), which focused on
the optimised production of glucose syrup us-
ing membrane reactors, which simultaneously
allows the production of valuable by-products.
This approach increased the efficiency of raw
material use and reduced production costs,
which is important for improving environ-
mental sustainability and economic benefits.

Special attention should also be paid to
the latest technologies for processing sugar
beet, the development of which was considered
by B. Muir (2022), highlighting innovative ap-
proaches designed to improve the efficiency of
final product production and reduce the impact
on the environment. These technologies are es-
sential for optimising production processes and
conserving resources, ensuring increased en-
vironmental sustainability of the sugar indus-
try. Thus, the main areas of scientific research
aimed at innovation in the sugar industry are
waste processing, reducing the ecological foot-
print of production and improving the efficiency
of resource use, which ensures the sustainable
development of the industry and contributes to
the preservation of ecological balance. The pur-
pose of this study was to identify key biotech-
nologies that can improve the quality of both
the final product and by-products of production,
namely, molasses and pulp, and to minimise
the environmental impact by recycling waste.

Materials and Methods
Samples of sugar beet (Beta vulgaris) were
provided by LLC Agrofirma im. Dovzhenka
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(Astarta-Kyiv Group, Poltava Oblast). The in-
clusion criteria were conditions under which
the samples met maturity standards (beet sugar
content > 16%, was declared by suppliers), had
no defects or visible signs of disease. The sam-
ple did not include specimens with damage,
infested with pests or fungal diseases, such ob-
jects were excluded after visual inspection and
microbiological analysis. Microorganisms used
at the stage of disposal of by-products (bacteria
Zymomonas mobilis, strain ATCC 31821, provid-
ing a high level of ethanol fermentation) were
provided by D.K. Zabolotny Institute of Micro-
biology and Virology of the National Academy
of Sciences of Ukraine. The study was conduct-
ed from March to September 2024 at the Insti-
tute of Agricultural Microbiology and Agro-In-
dustrial Production of the National Academy of
Sciences of Ukraine (Chernihiv, Ukraine). The
experimental part included working with con-
trol and experimental samples, where the for-
mer characterised the usual chemical approach
to syrup processing, and the latter — testing the
proposed biotechnological methods. The study
focused on evaluating enzymatic methods for
syrup purification to reduce the impurity con-
tent without using chemical reagents.

Sugar beet samples of the control and ex-
perimental groups were cleaned of dirt and
ground to a uniform consistency (particle
size — 2-3 mm). To obtain the syrup, the raw
material was extracted with hot water (temper-
ature 80°C, mass/volume ratio 1:2), and thor-
ough mixing was ensured during extraction to
maximise the release of sugars from the cell
mass. Control samples were prepared accord-
ing to conventional technology, which involves
the use of chemical reagents such as limestone
milk and sulphur anhydride to purify the syr-
up. In the test samples, an enzyme complex was
added to the resulting syrup, including: pecti-
nase for the breakdown of pectin compounds
(dosage 20 U/mlL, activity 100 PE); amyloglu-
cosidase for the conversion of starch residues
to glucose (dosage 15 U/mL, activity 120 AO).
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Fermentation was carried out in a Biostat B bi-
oreactor (Sartorius, Germany) at a temperature
of 50°C and a pH of 5.5 for 6 hours. This temper-
ature was chosen because used enzymes have
optimal activity in the range of 45-55°C, which
ensured maximum efficiency in the breakdown
of pectins and starch residues and increased the
purity of the final product. The temperature of
50°C was also favourable for enzymatic activity,
but too high for the development of unwanted
bacteria. The pH value of 5.5 maintained the
stability of enzymes, microbial activity, and
prevented the development of contaminants.
In the control group, impurities were meas-
ured after chemical treatment, and in the exper-
imental group — after enzymatic purification.
Analysis of the pectin content was performed
by gravimetry: the selected syrup sample was
subjected to pectin precipitation using alco-
hol (96% ethanol) in a ratio of 1:2. The result-
ing precipitate was centrifuged in an Eppen-
dorf 5804 R centrifuge (Germany) (10 minutes
at 5,000 rpm) to remove liquid residues, dried
in a Memmert UF 260 drying cabinet (Germany)
at a temperature of 105°C to a constant mass.
The residual pectin content was calculated as
a percentage of the total syrup mass. Analysis
of the residual starch concentration by the en-
zymatic method was based on hydrolysis of the
residual starch to glucose, followed by quan-
titative determination of glucose. The syrup
sample was incubated with alpha-amylase with
an activity of 50 U/mL at 37°C for 30 minutes.
The resulting glucose was determined using the
glucose oxidase method, which included color-
imetric measurement with a BIO-TEK instru-
ments Synergy H1 colorimeter (USA) absorp-
tion at 540 Nm. The concentration of residual
starch was calculated considering the conver-
sion factor. In the control and experimental
groups, these processes were performed in the
same way. After purification, the samples of the
control and experimental groups were further
purified by ultrafiltration. This process involved
passing the syrup through a Millipore Pellicon
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2.0.2 ym membrane (USA) with a pore size of
0.2 microns, which helped to remove macro-
molecules, cell mass residues, and impurities.

To ensure the suitability of the syrup for
further use, it was concentrated by vacuum
distillation. The pressure was reduced to 50-
100 mm Hg in the LabTech LT 3000 vacuum
unit (China), which allowed water to evaporate
at a temperature of 50-60°C. This low-temper-
ature process prevented thermal degradation
of sugars, preserving their natural composition
and organoleptic properties. The syrup con-
centration reached 65-70% of dry substances,
which provided optimal viscosity for further
production stages. Determination of the col-
our characteristics of the syrup corresponding
to its quality was carried out on the ICUMSA
scale with a Lovibond PFX 8800 meter (Ger-
many). The presence of undesirable impurities
resulting from caramelisation was assessed by
optical microscopy using an Olympus BX41
microscope (Japan). The experimental and ex-
perimental groups used the same technological
parameters, but considered the effect of the
absence of chemical reagents on the quality of
the final product. In both groups, the stability
of the syrup’s organoleptic characteristics, such
as smell, colour, and taste, was assessed by sen-
sory analysis, and the indicators were evaluated
on a 10-point scale.

Processing of by-products. The process of
fermentation of molasses was carried out using
microorganisms Zymomonas mobilis. The pre-
pared molasses solution was inoculated at pH
4.5-5 in a Biostat B bioreactor (Sartorius, Ger-
many). The fermentation temperature was 30°C
and the duration was 24-48 hours, during which
the ethanol yield was monitored by analysis on
an Agilent 8890 gas chromatograph (USA). The
resulting ethanol was distilled in a LabTech LT
3000 vacuum distillation unit (Italy), which
made it possible to effectively separate ethanol
while preserving its properties.

A Flottweg Z Series dewatering press (Ger-
many) was used to process the pulp. Further

drying was carried out in an Alvan Blanch
DR 800 drum drying unit (Great Britain) at
60-90°C to achieve a residual moisture con-
tent of 10%. The dried material was ground in
a Buhler MultimpactMax hammer mill (Biihler
Group, Switzerland) to a particle size of 2-3 mm.
Granulation was carried out on a CPM Europe
Century Series granulator (CPM Europe, Neth-
erlands), which provided the formation of feed
pellets with a diameter of 8-12 mm with high
mechanical strength. The quality of granular
feed was evaluated by several indicators. The
moisture content was determined by drying in
a Binder FD115 thermostat (Germany) at 105°C,
and microbiological purity was assessed by seed-
ing on TSA agar for aerobic bacteria and SDA
agar for fungi with the number of colony-form-
ing units (CFU/g). The mechanical strength of
the pellets was measured on the PDT 1100 Pel-
let Durability Tester (Luxembourg), while frac-
tional analysis of particle size uniformity was
performed on the RETSCH AS 200 laboratory
sieve analyser (Germany).

Results

The enzymatic approach to syrup purification
showed significantly better results compared
to conventional chemical methods. The study
showed that the content of residual pectin in
control samples treated with chemical rea-
gents was 0.08% % 0.01, while in samples, puri-
fied with pectinase and amyloglucosidase, this
indicator decreased to 0.02%+0.005 (Fig. 1). In
parallel, the residual starch in the syrup after
enzymatic purification was significantly low-
er — <0.01% compared to 0.04% *0.007 in the
control samples. These results clearly demon-
strate a high degree of impurity removal due
to enzymatic purification. The mechanism of
pectinase was to break down pectin chains,
which greatly facilitated the removal of re-
sidual macromolecules. Amyloglucosidase,
in turn, effectively broke down the residual
starch, ensuring its minimum concentrations
in the final product.

Animal Science and Food Technology. 2025. Vol. 16, No. 1
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Indicators of syrup purification using chemical
and biotechnological approaches
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Figure 1. Indicators of syrup purification using
chemical and biotechnological approaches
Source: compiled by the authors

One of the most important advantages of
biotechnological purification is the absence
of chemical by-products in the final product.
Chemical purification methods such as lime
and sulphur compounds, despite their effi-
ciency, lead to the development of undesira-
ble precipitates, residues of chemical agents

in the syrup, and harmful by-products such as
calcium salts (Muir, 2022). In comparison, the
enzymatic approach provided not only a high
degree of purification, but also the preservation
of the natural composition of the syrup, which
is critical for organic production. The study
also revealed the economic benefits of biotech-
nological purification. The use of enzymes has
reduced the duration of the purification process
to 6 hours, while the chemical approach often
requires additional stages of precipitation, fil-
tration, and regeneration of reagents, which ex-
tends the technological process to 10-12 hours
and increases costs.

To test the reliability of the method, 10 re-
peated experiments with enzymatic purification
were performed, and in all cases the values of re-
sidual pectin and starch corresponded to the es-
tablished values (0.02% and < 0.01%, respective-
ly). All experiments were performed under the
same conditions — temperature 50°C, pH 5.5, en-
zymatic treatment lasting 6 hours. Fluctuations
in the values did not exceed 5%, which indicates
a high reproducibility of the method (Table 1).

Table 1. Results of repeated experiments on enzymatic purification of sugar syrup

No. Pectin (%) Pectin standard (%) Starch (%) Starch standard (%)
1 0.02 0.02 0.009 0.01
2 0.019 0.02 0.008 0.01
3 0.021 0.02 0.01 0.01
4 0.018 0.02 0.009 0.01
5 0.02 0.02 0.009 0.01
6 0.019 0.02 0.008 0.01
7 0.02 0.02 0.009 0.01
8 0.021 0.02 0.01 0.01
9 0.018 0.02 0.008 0.01
10 0.019 0.02 0.009 0.01

Source: compiled by the authors

Another advantage of the enzymatic ap-
proach is the reduce in the environmental im-
pact of production. Chemical treatment leads to
the development of sediments that require spe-
cial disposal, and to excessive water consump-
tion during the regeneration of chemical agents
(Nawaz et al., 2021). The enzymatic method

Animal Science and Food Technology. 2025. Vol. 16, No. 1

significantly reduces the need for additional
resources, such as chemical reagents and ener-
gy, as it reduces the use of harsh chemicals for
cleaning and stabilising products by 30-40%. In
addition, the reduction of energy requirements
for cleaning and stabilisation processes is up to
25%, which helps to reduce costs and minimise
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the amount of harmful residues. This makes the
method the most successful for use in environ-
mentally oriented production.

Membrane ultrafiltration technology has
shown high efficiency in removing macromol-
ecules and other impurities in syrups of both
the control and experimental groups. However,
the purification results were significantly bet-
ter in the case of samples from the experimen-
tal group that underwent the enzymatic purifi-
cation stage before membrane treatment. The
formation of precipitation on the membranes
was an important parameter that demonstrat-
ed the advantage of the combined approach.
In the control samples, the level of deposits
on the membrane increased after 20 minutes
of system operation, which led to a gradual
decrease in throughput by up to 60% from the
initial level. Instead, in the experimental sam-
ples, deposits on the membranes were reduced
by 45% compared to the control group, and
stable operation of the plant was maintained
for up to 30 minutes, which allowed a larger
volume of purified syrup to be obtained in one
filtration cycle.

The results of the analysis of residual pec-
tin substances and starch in syrups after ultra-
filtration demonstrate a higher purity of the
final product in the experimental group. In the
control samples, the level of residual pectin was
£0.02%, and starch — £0.01%. In the samples of
the experimental group, these indicators were
lower than the detection limit of the analyti-
cal equipment used (< 0.01%). This indicates
a deeper purification of the syrup due to the
synergistic effect of pre-enzymatic treatment,
which significantly reduced the content of im-
purities before the membrane stage. The more
efficient operation of the membranes in the ex-
perimental group is explained by the reduced
load on the filter elements. Enzymatic treat-
ment reduced the level of macromolecules and
the viscosity of the syrup, which facilitated the
passage of syrup through the membranes and
reduced the risk of contamination.

In addition to the cleaning quality, the per-
formance of the ultrafiltration unit was also bet-
ter for the experimental group. On average, the
volume of purified syrup per hour was 120 litres
for experimental samples compared to 90 litres
for control samples, which provided an addi-
tional productivity of 30%. The absence of the
need for frequent membrane washing during
the processing of experimental samples also
significantly increased the cost-effectiveness of
the process. The combination of enzymatic and
membrane purification not only improved the
quality of the final product, but also demon-
strated environmental benefits. The use of en-
zymes in the initial stages allowed reducing the
volume of precipitation formed by 22-25% and
reducing water consumption for cleaning the
system by 25-35%, which is usually necessary
for the regeneration of chemical membranes in
the control group. This approach also reduced
the use of chemical reagents by 40%, which will
help to improve the environmental friendliness
of the entire technological process. Conse-
quently, the results of membrane syrup puri-
fication confirm the effectiveness of the pro-
posed combined approach. Based on enzymatic
pretreatment, it was possible to significantly
reduce the level of precipitation on the mem-
branes, improve the quality of cleaning, and
the stability of the ultrafiltration system. This
indicates the prospects of using this method
to ensure high quality of organic sugar and re-
duce the environmental impact of production.

Syrup concentration by vacuum distil-
lation. Vacuum distillation provided a stable
syrup concentration process for both the con-
trol and experimental groups. However, the
results of the final product analysis clearly
demonstrated the advantages of the com-
bined enzymatic and membrane purification
approach applied to the samples of the ex-
perimental group. One of the key evaluation
parameters was the determination of the col-
our characteristics of syrup on the ICUMSA
scale, which is used to determine the degree

Animal Science and Food Technology. 2025. Vol. 16, No. 1
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of purity and clarification of sugar products.
As a result of the combined approach to syrup
purification, the samples of the experimen-
tal group showed lower values in the range of
190-210 units, which indicates a much cleaner
product with a natural amber colour. For the
control group, this indicator was noticeably
higher and ranged from 240-270 units, which
indicates the presence of residual impurities
and the absence of maximum transparency.

The preservation of aromatic compounds is
another important parameter of the quality of
the final product, since these components pro-
vide the smell and natural taste profile of the
syrup. In the process of vacuum concentration
under low pressure conditions (50-100 mm Hg)
and the temperature range of 50-60°C, it was
possible to minimise the loss of volatile sub-
stances. The samples of the experimental group
showed a 15% higher level of preservation of
volatile aromatic compounds compared to the
control samples, which provided improved or-
ganoleptic properties of the product. Losses in
the control group are explained by residues of
chemical impurities, which could cause addi-
tional evaporation or degradation of aromatic
components when heated.

The concentration of syrup to a sugar den-
sity of 76-78% occurred without noticeable
degradation of natural sugars or the develop-
ment of undesirable products (caramelisation)
in both groups. However, the experimental

samples had a more uniform texture without
microscopic inclusions, which were sometimes
recorded in the control group during micro-
scopic analysis. This may be caused by the
higher purity of the syrup before the vacuum
concentration, which prevented the develop-
ment of foreign crystal formations or micropar-
ticles that could remain in the control samples.
Due to the high initial purity of the syrup of
the experimental group, the concentration du-
ration was reduced by 10% compared to the
control samples. Reducing the level of impuri-
ties that need to be removed during distillation
has reduced energy costs by 8%. This has had a
positive impact on the overall performance and
profitability of the production process, which is
important for industrial implementation.

Tasting evaluation of concentrated syr-
ups in both groups showed that the samples
of the experimental group had a more natural
taste with a pronounced beet aroma, while in
the control group there was a slight bitterness,
which probably arose due to the presence of
residual chemicals. The average score of the
organoleptic test for samples from the experi-
mental group was 9.2%0.3 on a 10-point scale,
while in the control group this indicator was
7.8+0.4 (p<0.05). Table 2 illustrates the key
differences in the concentration process pa-
rameters between the two groups, confirming
the overall advantage of the technological ap-
proach used for experimental samples.

Table 2. Comparison of sugar syrup concentration process parameters

Parameter Control group Experimental group
Colour indicator (ICUMSA) 240-270 190-210
Level of preservation of aromatic substances (%) 85%3 100
Duration of concentration (min) 60+2 54%1
Energy consumption (kWh) 25+1 23%1

Source: compiled by the authors

The use of vacuum distillation in the ex-
perimental group, which used syrup purified
by enzymatic and membrane methods, made
it possible to achieve significantly better

Animal Science and Food Technology. 2025. Vol. 16, No. 1

quality of the final product, including col-
our, aroma, and texture indicators. The high
efficiency of the process, its energy saving
and environmental friendliness make this
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technology promising for large-scale imple-
mentation in the production of organic sugar
(Bulgakov et al., 2017).

Results of by-product disposal. The fer-
mentation process of molasses, one of the main
by-products of sugar production, showed sig-
nificant differences in bioethanol yield between
the control and experimental groups. Molasses
obtained after enzymatic purification of the
syrup showed a significantly higher degree of
processing of sugars into ethanol. In the control

group, where molasses was obtained after con-
ventional chemical purification of syrup, the
bioethanol yield was 79% * 3 of the theoretical
maximum (Table 3). This is caused by the high
content of residual chemical impurities, which
suppressed the activity of microorganisms and
reduced the efficiency of fermentation. Instead,
in molasses purified by biotechnological meth-
od (experimental group), impurities were min-
imised, which allowed achieving a bioethanol
yield of 88% *2 (p<0.01).

Table 3. Results of molasses fermentation in two groups

. Difference
Parameter Control group Experimental group (p-value)
. . 79% *+3% of the 88%*2% of the
Bioethanol yield theoretical maximum theoretical maximum p<0.01
Time to reach m_aximum ethanol 36 hours 30 hours p<0.01
concentration (hours)

Organic acid concentration (g/1) 0.5+0.08 g/1 0.2%0.05 g/1 p<0.01
Y_ethanol/sugar (g ethanol/g sugar) 0.42+0.03 g/g 0.48+0.02 g/g p<0.05

Source: compiled by the authors

Comparison of the dynamics of the fermen-
tation process also showed a significant differ-
ence between the groups. In the control group,
the maximum ethanol concentration was
reached in 36 hours, while in the experimental
group, this process was reduced to 30 hours.
The reduction in the duration of fermentation
can be explained by a favourable environment
for Zymomonas mobilis in molasses purified
without chemical reagents. Additional quali-
ty analysis of the obtained bioethanol showed
that ethanol obtained from molasses of the ex-
perimental group had a higher degree of purity,
with the content of undesirable side compo-
nents 20% lower than in the control samples.
In the control group, traces of organic acids
(for example, acetic acid) were often found in
bioethanol, which were formed due to chemical
stress on microbial cells caused by residual im-
purities in molasses. In the bioethanol samples
of the experimental group, the concentration
of organic acids was 0.2 +0.05 g/, while in the
control group — 0.5%0.08 g/l (p <0.01), which

confirms the increased efficiency of the process
in the absence of chemical contamination in the
raw material. Reducing the level of impurities
in molasses, as a result of the use of enzymat-
ic purification of syrup, improved the viabili-
ty and metabolic activity of microorganisms.
The experimental group demonstrated a stable
value of the Y _ethanol/sugar parameter (effi-
ciency of converting sugars to ethanol), which
was 0.48 +0.02 g/g, which is very close to the
theoretical maximum (0.51 g/g). In the control
group, this parameter reached 0.42 +0.03 g/g,
which is 12% less (p < 0.05), which leads to a
lower ethanol yield.

Sugar beet pulp, which is formed as a by-
product after extraction of sugar substances,
was further processed in this study to produce
granular feed. Evaluation of the final product
showed significant advantages of the feed ob-
tained in the experimental group, according to
the following key indicators. The experimental
pellets achieved a moisture content of 10%*0.5
compared to 12% #0.8 in the control samples.
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The reduced moisture content provided an in-
creased duration of feed storage without loss
of quality or mould formation. Granulated feed
of the experimental group contained microor-
ganisms in the amount of 5 x 10> CFU/g, which
is significantly less than in the control group
(2 x 10* CFU/g). Such low microbial activity was
ensured by the absence of residual chemical

impurities in the pulp and careful heat treat-
ment. The pellets obtained in the experimental
group showed mechanical strength at the level
of 92% + 4, which is significantly higher than in
the control group (80% * 5). This is important
to ensure the stability of the product during
transportation and storage, and to prevent dust
formation (Table 4).

Table 4. Comparison of the characteristics of granulated feed from pulp between groups

Parameter Control group Experimental group
Moisture content, %. 12+0.8 10£0.5
Microbiological purity 2x10* CFU/g 5x 103 CFU/g
Mechanical strength of pellets 80%5% 92+4%

Source: compiled by the authors

The absence of synthetic preservatives, the
high quality of pellets, and their stability allows
avoiding the risk of accumulation of undesira-
ble substances in the feed. The use of the enzy-
matic approach at the initial stages helped to
reduce the need for chemical reagents to sta-
bilise the product, and reduce waste disposal
costs due to increased drying efficiency. The
long shelf life of experimental pellets without
additional chemical treatment also reduced the
manufacturer’s costs and reduces the environ-
mental burden. Obtained results demonstrate
the superiority of biotechnological methods in
all aspects of the study: syrup purification, con-
centration, preservation of organoleptic prop-
erties, and disposal of by-products. Comparison
of control and experimental samples confirmed
that the enzymatic approach allows obtaining a
better final product with minimal environmen-
tal impact and better efficiency indicators.

Discussion
The results obtained in the course of the study
show a certain similarity with the results of pre-
vious research, including individual differences,
which can be explained by different approaches
to processing raw materials and the variability
of experimental conditions. In this regard, it is
important to compare the results with studies
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by other researchers that focus on the environ-
mental and technological aspects of sugar beet
processing and sugar production. This study on
optimising the use of sugar industry by-prod-
ucts has shown that beet processing and syrup
production processes have significant potential
to reduce waste and increase efficiency. These
results correlate with the study by B. Muir &
A. Anderson (2022), who noted the significance
of developing sugar beet as an important area in
Europe to increase yields and reduce production
costs. In particular, improving the efficiency of
syrup production and processing by-products
can significantly improve the environmental and
economic component of sugar production. How-
ever, the results obtained demonstrate that the
integration of the latest technologies for pre-
serving syrup in limited seasonality conditions
can significantly increase the production period.

Such approaches are confirmed by the
findings of A. Adbhai et al. (2022), who focused
on using patent molasses left over from the
sugar extraction process to create secondary
products. The researchers also noted the high
potential for energy production from residual
molasses. This study, on the contrary, focused
more on the efficiency of their processing in
the context of reducing the amount of waste
when using raw materials for the production
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of not only sugar, but also bioenergy resourc-
es. The results of S. Singh et al. (2021) regard-
ing the processing of sugar cane waste into
commercial products, in particular, through
the optimisation of production methods and
solving environmental problems that arise
in the process, are consistent with this study,
since in both cases it is about the use of bio-
technologies for processing sugar by-products
to improve the quality of the final product and
reduce environmental impact, in particular,
through fermentation and reducing the need
for chemical reagents, which also indicates op-
portunities for improving the environmental
efficiency of the agricultural sector.

Similarly, the results of the studies by
A. Hernandez-Pérez et al. (2020) and A. Babu
& S. Adeyeye (2024) related to sugar extraction
and sweetener production through biotech-
nological processes, support observations on
the potential of using environmentally friend-
ly methods to reduce waste and improve the
efficiency of production processes. Although
studies conducted by other researchers focus
more on aspects of technological development
within the one-sided use of sugar beet, the
results highlight the need for multifunction-
al solutions to solve the problem of waste in
production. The results of the development of
biotechnological processes for the production
of fructose-rich syrups coincide and in some
aspects complement the conclusions from pre-
vious works of international researchers, in
particular, the study by M. Garcia-Aguirre et
al. (2009) identified significant potential for us-
ing enzymatic hydrolysis of agave fructose-oli-
gosaccharides to produce fructose-rich syrups.
This study highlighted the importance of opti-
mising technological processes, which is direct-
ly compatible with the results obtained, which
shows that modern technologies of bioconver-
sion of raw materials can lead to an increase in
the quality and efficiency of syrup production.

The study by R. Singh et al. (2017) is also
important. It described enzymatic methods

for the synthesis of high fructose syrups. The
researchers noted the importance of using
specific enzymes to improve the process of
converting monosaccharides to higher fruc-
tose-rich compounds. These results support
these conclusions, as it was found that the
choice of specific enzymes can actually in-
crease the yield of the product without los-
ing quality. Similarly, research by H. Atiyeh &
Z. Duvnjak (2005) on the use of ultrafiltration
membranes and activated carbon for the puri-
fication of fructose syrups produced from cane
molasses indicates the importance of such
technologies in the syrup purification process.
The results obtained indicate the effectiveness
of these methods, in particular for achieving
the desired purity of syrups while preserving
their useful properties.

The study by J. Hubbuch & M. Kula (2007),
with a focus on the isolation and purification
of biotechnological products, confirms the ef-
fectiveness of the approach used in providing
high-quality fructose-rich syrups. The meth-
ods recommended by these researchers can
be adapted for cleaning products at the pro-
duction stage, which will allow achieving the
maximum level of purification with minimal
energy costs. Other studies, for example by
D. Lima et al. (2011), which highlighted the bi-
otechnological potential of fructose syrup, are
consistent with the results in terms of improv-
ing the use of fructose as a biologically active
product. These results support the possibility
of optimising the use of fructose-rich syrups
for industrial purposes, especially given their
wide range of applications in the food industry.
The fundamental research by E. Vandamme et
al. (1987) examined microbial sucrosophos-
phoratases in the context of fermentation and
biotechnological applications that improve the
process of converting sugar to fructose syr-
ups. The results of this sucrose bioconversion
study also confirmed the ability of enzymatic
technologies to significantly increase produc-
tion efficiency when using microbial agents,
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similar to what was found in the current study.
The studies by J. Bicas et al. (2010) on the bi-
otechnological production of bioflavours and
functional sugars support conclusions about
the broad potential for the production of not
only basic bio-products, but also additives with
high functional properties. This proves that
fructose syrups can serve as a basis for the de-
velopment of products with additional func-
tional properties, which increases their value in
the food and pharmaceutical industries.

The results of this study confirm the pos-
sibility of obtaining syrups from organic raw
materials under a similar concept, but with a
greater emphasis on maximising resource re-
covery and reducing costs. T. Kwan et al. (2019)
focused on the possibility of using food and
beverage waste for the production of syrups
using biorectification technologies: a technical
and economic assessment showed the high ef-
ficiency of this approach. The study by H. Ols-
en (1995), describing the enzymatic production
of glucose syrups, was useful for understanding
the mechanisms of starch and sugar hydrolysis
in the manufacturing process. In particular, the-
oretical approaches to the use of enzymes such
as amylases and glucosidases confirm their own
results regarding the use of microbial enzymes
for the efficient production of glucose syrups.
The use of enzymatic technologies significantly
improves the yield and purification of syrups,
which coincides with the data on high results
in optimising enzymatic hydrolase (Bekbayev et
al., 2024; Osokina et al., 2024).

Conclusions on the technology of raw
material preparation considering biotechno-
logical processing also confirm the findings of
A. Busi¢ et al. (2018) regarding the production
of bioethanol from renewable raw materials, a
similar approach to the efficient use of organ-
ic waste is shown. Although this study focuses
more on syrup production, these results con-
firm the correctness of the chosen waste reuse
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strategy. Studies by P. Singh & S. Kumar (2019)
on microbial enzymes in food biotechnology
also support conclusions about the role of en-
zymes in the processes of sugar breakdown and
syrup production. The researchers focused on
the improvement of processes using various
types of microbial enzymes. The results of the
study, in particular, demonstrate significant
advantages as syrups due to the use of specif-
ic microbial enzymes that activate bioconver-
sions in the early stages. In addition, the study
by E. Martinez et al. (2015), which discussed xy-
litol purification and crystallisation strategies,
provides key guidance on such processes in the
context of ongoing research. Although the work
was done with fructose syrups, some of the
purification principles proposed in their study
may be useful for improving the characteristics
of syrups. D. Peters (2006) revealed the impor-
tance of carbohydrates for fermentation, which
confirmed the chosen approach to fermenta-
tion of syrups based on simple and complex
sugars. These results confirm the ability of car-
bohydrates in syrups to optimise processes in
the production of high-calorie products for the
food industry, as indicated by D. Peters (2006).
The findings coincide with the conclusions
of S. McKelvey & R. Murphy (2017) regarding
the use of fungal enzymes in biotechnology.
Their study demonstrated the effectiveness of
using such enzymes to break down complex or-
ganic compounds, which was confirmed in the
production of sugar syrups. However, in con-
trast to their approach, this study focused more
on optimising conditions for more efficient fer-
mentation, which allowed for improved yield
and quality of finished products. Thus, it can be
argued that the results of this study are consist-
ent with a number of important international
trends in the field of technological progress
and environmental efficiency of sugar beet pro-
duction. Moreover, the presence of some differ-
ences related to the conditions and methods of




Prystash et al.

121

research suggests additional opportunities for
improving the processing processes and use of
raw materials at different stages of production.

Conclusions

The enzymatic method of syrup purification
using pectinase and amyloglucosidase showed
significantly better results than conventional
chemical approaches. The obtained indicators
of the content of residual pectin (0.02% = 0.005)
and starch (< 0.01%) indicate a high level of
purification of impurities, which confirms the
feasibility of a biotechnological approach in the
sugar industry. Repeated experiments showed
the reliability of the enzymatic purification
method, where fluctuations in the results did
not exceed 5%. The stability of the results al-
lows considering this approach as a standard
method for ensuring product quality. The use
of membrane ultrafiltration technology after
enzymatic treatment significantly improved
the quality of purification. Reducing the level of
impurities before membrane filtration reduced
the amount of precipitation on the membranes,
improved the stability of the plant and provid-
ed an increase in productivity of up to 120 li-
tres of syrup per hour. This approach provided
a synergistic effect, significantly improving the
characteristics of the final product.

Samples of syrup purified by combined
methods are characterised by a lower colour
index (190-210 ICUMSA units), better preser-
vation of aromatic compounds (+ 15%) and the
absence of micro-inclusions, which indicates an
improved texture and organoleptic characteris-
tics. This provided an increased consumer score
(9.2+0.3 vs. 7.8 £ 0.4 in control samples), while
also reducing energy costs by 8% and reducing
the duration of technological stages by 10% in-
dicates the economic advantage of the combined
method of syrup purification. In addition, the
enzymatic approach significantly reduces the
environmental impact of production, reducing

the development of harmful waste and water
consumption. Vacuum distillation of the syrup
after combined purification allowed achieving
a stable sugar density (76-78%), minimising
the loss of volatile aromatic compounds, and
also ensured the preservation of the natural
taste and aroma of the syrup. The duration of
the concentration process was reduced due to
the higher initial purity of the syrup, which re-
duced production costs. Molasses obtained after
enzymatic purification allowed achieving a high
bioethanol yield (88% * 2), which significant-
ly exceeds the indicators of the control group
(79% = 3). Additional processing of pulp using
enzymatic membrane technology helped to re-
duce residual impurities, improving its quality
as a raw material for feed or bioenergetics use.
This approach ensured more efficient use of re-
sources and reduced the environmental burden.

One of the main limitations of the study
was the dependence on specific enzymatic
preparations that are used to purify the syrup.
This limits the ability to scale the technology to
large production volumes due to the high cost
of certain enzymes and their availability. In
addition, some aspects of the process, such as
optimising fermentation time and membrane
purification, require additional research to
achieve even better results in terms of produc-
tivity and cost-effectiveness. Further research
should consider integrating this technology
with other biotechnological processes to pro-
vide a more integrated approach to the purifi-
cation and processing of sugar syrups.
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AHoTanisg. BupoOHMIITBO I[yKpPy Ma€ 3HAauyHMII BIUIMB HAa HABKOJMIIHE CepeloBUINe, LIO
3YMOBJIIOE HEOOXiHICTh BIIPOBAKEHHS Oi/IbIll €(DeKTUBHUX TA €KOJIOTTUHO UMCTUX TEXHOJOTII.
OnHi€0 3 TaKUX aJbTEPHATUB € BUKOPUCTAHHSI GiOTEXHOJOTIUHMX MigXOMiB [JiS MOKpAIleHHs
SIKOCTi IIYKPOBUX CUPOIIiB Ta BUPOOGHUIITBA OPraHiYHOTO ITYKPY 6€3 3aCTOCYBAHHS XiMiUHUX
pedoBMH. MeTol0 JaHoi po6oTM 6yn0 OUiHUTUM ebdeKTUBHICTh (GepMeHTATUBHUX METO/iB
OUMILIEHHS CUPOIIiB 3 BUKOPUCTAHHSM TEKTUMHE3Yy Ta aMiJIOIVIFOKO31AAa3! i BUSHAUUTY iX BIUIUB
Ha SIKiCTb KiHI[€BOTO MPOLYKTY, & TAKOX JOCTITUTI MOKINBOCTI IepepooKy MOGIYHMX MTPOIYKTiB
IIYKPOBOTO BMPOOHUIITBA B KOPUCHI cyGCTpaTu Ojsl iHIMIMX rany3eit xapyoBoi MPOMMCIOBOCTI.
Il MOCSITHEHHST TIOCTaBJIEHOI MeTM BMKOPUCTOBYBAIM MeTOAM (GepMEHTAaTUBHOTO OUYMIIEHHS
Ta ynbrpadigpTpanii. B xoni ekcrepuMeHTIiB 6y70 OTPMMAHO CUPOI i3 3aJUIIKOBMM BMiCTOM
nektuHy 0,02 % * 0,005 Ta BMicToM Kpoxmaiio He 6inbmie 0,01 %, 110 CBiAUMIO MPO BUCOKMIL
piBeHb oumineHHs. KoMOGiHOBaHe BUKOPUCTAHHS (hepMEHTATMBHOrO Ta MeMOPaHHOTO METO/iB
JO3BOJIWJIO MiJBUIIUTY CTabGiNbHICTD MpoLiecy Ta 36IIbIINTY MPOZYKTUBHICTD A0 120 1 cupomy
Ha TOAVHY, IO TaKOX CIPUSIIO 3HMKEHHIO eHeproBUTpaT Ha 8 % Ta CKOPOYEHHIO TPUBAJIOCTi
TEeXHOMOTiYHMX CTafit Ha 10 %. PesynbraTu mokasany, o GepMeHTaTUBHE OUMILEHHSI CUPOIY
3HM3WIO PiBeHb JOMIIIOK y MeJISICi Ta CIpUSIIO MiABUILEHHIO BUXoqy O6ioeTaHony 10 88 % * 2,
o Ha 9 % Bulle, HiK y KOHTPOJIbHIN TpyIli. BcTaHOBEHO, 1110 KOPM, OTPUMMAaHMI1 3 KOMY IiCJIst
6ioTexHoMOriYHOI 06POOKM, Ma€ BMCOKI ITOKA3HMKY SIKOCTi: 3HMKeHHs Bojiorocti mo 10 % * 0,5,
3MeHIIeHHS MiKpOOHOI aKTMBHOCTI 10 5 x 10, KYO/r Ta migBuIeHHST MeXaHiYHOI Mil[HOCTi TpaHy/I
Io 92 % * 4. OTpumaHi pe3yabTaTV MPOLEMOHCTPYBaIM 3HAUHI nepeBaru pepMeHTATUBHUX
TEXHOJIOTi11, 30KpeMa 3HM)KeHHS BUTPAT Ha XiMiuHi peareHTM Ta yTuiisalito Bigxonis. [IpaktuuHe
3HAYeHHS POOOTHU TIONSITa€ B TOMY, IO BMKOPUCTAHHSI GiOTEXHOJOTiUHMX METOXIB O3BOJISIE
3HAYHO MiABUIIUTY e(EeKTUBHICTb BUPOOGHMIITBA OPraHiUHOTO IYKPY Ta KOPMIB, CIIPUSIOUN
3MeHIIeHHIO HaBaHTaXXeHHsI Ha HAaBKOJIUIIHE cepefoBulIe

KirouoBi cnoBa: XiMmiuni gominrku; pepMeHTaTMBHE OYNIIEHHS ; MeMOPaHHEe OUMILIEHHS; MeJIaca;
Mo6iYHi MPOSYKTU
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