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e Sugar beet leaves are rich sources of bioactive compounds

e Proteins, polyphenols, and chlorophylls can be extracted from sugar beet leaves
e Functional foods could be developed from sugar beet leaves

e Sugar beet leaves can be beneficial to human health

e High fiber content in sugar beet leaves can offer health benefits

Abstract:

The large-scale cultivation of sugar beets generates a significant amount of by-products,
particularly leaves, which are often overlooked and wasted. However, these by-products are a
valuable source of functional compounds that can be repurposed to enhance crop
sustainability and produce food ingredients. Therefore, valorization of sugar beet leaves
(SBLs) is a prudent biorefinery approach for future utilization. This literature review
highlights the significant advances in valorizing SBLs for food industry applications. The
extractable phytochemical compounds, the sustainability and challenges of recovery, the
extraction methods, potential health benefits, current applications, and prospective
valorization possibilities of SBLs within a circular economy framework were reviewed. The
results showed that SBLs are rich in nutrients and bioactive phytochemicals such as
polyphenols (e.g., flavonoids and phenolic acids), proteins, essential amino acids,
chlorophylls, fiber, and essential fatty acids. The application of these compounds in the
development of food products may exhibit numerous health benefits, including antioxidant,
anti-microbial, anti-inflammatory, anti-diabetic, and anti-cancer properties. However, for
potential applications of SBLs in the food industry to develop functional foods, nutritional
supplements, and natural food additives, further research is needed to optimize the efficient
extraction of functional compounds on an industrial scale and to verify the safety of extracted
compounds for human consumption.

Keywords: Bioactive compounds, Polyphenol extraction, Protein extraction, Food by-
products, Chlorophylls, Sugar beet leaves, Valorization.
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1. Introduction

The sharp population growth and rising sugar consumption have increased the demand for
cultivating sugar beets, a sustainable crop recognized as the primary source of sugar (Arjeh et
al., 2018; Stevanato et al., 2019). For example, in Italy alone, the surface area dedicated to
sugar beet cultivation has increased 25% in 2024 compared to 2023 (Mario Parisi, 2024).
This rise in cultivation can cause a greater generation of by-products, from field residues like
leaves and stems to industrial by-products such as molasses, bagasse, filter cake, etc. (Arjeh
et al., 2019; Tomaszewska et al., 2018). These by-products are discarded while they can still
be transformed into secondary raw materials, completing a circular economy loop that
promotes sustainability and resource efficiency within the food processing sector (Ebrahimi
& Lante, 2022). Therefore, it is important to conduct research on innovative and efficient
methods for repurposing food by-products to foster a more sustainable and resilient food
processing industry.

Research on the valorization of food by-products has shown a rising trend over the past few
decades. This trend is evident from a keyword search for "by-product valorization" on the
Scopus database (Figure 1). The growing interest in this topic shows the importance of
developing an integrated biorefinery system to produce various bioactive phytochemicals
using modern green technologies. The biorefinery approaches suggested in the literature can
offer a promising solution to bioeconomy challenges and address environmental issues
associated with the improper management of by-products (Del Castillo-Llamosas et al.,
2021). However, the research on the valorization of sugar beet leaves (SBLs) is limited, and
there is no review paper focusing on biorefinery solutions for SBLs. This gap impedes the
development of methods to utilize this valuable by-product in the food industry. Thus, the
present study aims to review the functional compounds of SBLs and their extraction methods,
health advantages, and potential applications in the food industry. In addition, this review
would help advance the possible approaches to harness the compounds recovered from SBLs
to improve the quality and shelf life of food products.

“Figure 1 here”
2. Sugar beet plant (B. vulgaris L.)

The sugar beet plant, classified as B. vulgaris within the genus Beta and section Beta
(Hoffmann et al., 2020), is a member of the Chenopodiaceae family. It is primarily grown for
extracting sugar from its roots. This plant is usually cultivated in large-scale agriculture with
an annual harvest of about 200 million tons in Europe. The sugar beet harvest season in
northern Europe typically starts in September and ends in December (Kiskini et al., 2016).
Beta vulgaris L. is cultivated in many temperate, subtropical, and tropical regions around the
world (Figure 2).

Following the initial growth stage, the first leaves of the plant emerge, with leaf count
reaching 37—40 during its growth cycle. Leaf development is influenced by environmental
factors, notably water and nitrogen levels. Although sugar beet is primarily cultivated in
temperate regions, excessive summer heat can hinder leaf growth. Optimal growth conditions
are typically achieved at temperatures around 25 °C (Hoffmann et al., 2020). Moreover, the
time of harvest significantly impacts the bioactive compounds present in the leaves (Biondo
et al., 2014). Therefore, timing in collecting the SBLs for potential applications is crucial to
maximize their utility and to ensure the best possible yield and quality of bioactive
compounds.



“Figure 2 here”

The abundance of leaves in the sugar beet plant necessitates finding viable ways to utilize
them, as they are often left in fields or used as livestock feed (Bilir & Saltali, 2021; Ebrahimi,
Mihaylova, et al., 2022; Modelska et al., 2017; Usmani et al., 2022). One of the biorefinery
solutions for SBLs could be recovering natural antioxidants (i.e., polyphenols), chlorophylls,
proteins, fibers, and essential amino acids and fatty acids existing in the leaves (Chhikara et
al., 2019; Duki¢ et al., 2022; Ebrahimi, Mihaylova, et al., 2022). The recovery and utilization
of these compounds can contribute to the development of functional foods and nutraceuticals,
offering health benefits and addressing nutritional deficiencies (Figure 3). Additionally, the
extraction of these bioactive compounds from SBLs could prevent the generation of waste
and contribute to a more sustainable agricultural system by creating a circular economy
where by-products are effectively repurposed. Therefore, continued research and innovation
in this field are essential to fully realize the potential of SBLs as a valuable resource.

“Figure 3 here”
3. Functional compounds present in the SBLs
3.1. Polyphenols

Phenolic compounds are plant-derived secondary metabolites naturally found in plant tissues
(Ebrahimi & Lante, 2021). It is reported that food by-products could be a rich source of
polyphenols (Arjeh et al., 2020; Machado et al., 2021). Within the B. vulgaris L. species,
phenolic compounds have been detected in two main categories, including phenolic acids
(i.e., hydroxybenzoic and hydroxycinnamic acids) and flavonoids (e.g., quercetin, vitexin,
etc.) (Vissers et al., 2017). Maravi¢ et al., (2022) detected 12 different phenolic compounds in
the SBLs, including ferulic acid, p-coumaric acid, syringic acid, vanillic acid, sinapic acid
derivative, catechin derivatives, and various flavone derivatives. According to the literature,
the most prevalent phenolic compound in these leaves is vitexin (Duki¢ et al., 2022; Maravi¢
et al., 2022). Moreover, gallic acid (344 pg/mL) and ferulic acid (89.7 mg/mL) are present in
high quantities in SBLs (El-Gengaihi et al., 2016). These compounds are known for their
antioxidant properties, which can be beneficial for human health.

In the recovery of polyphenols from SBLs, different methods could be employed.
Conventional techniques include steam distillation, squeezing or cold pressing, solvent
extraction, and Soxhlet extraction. These methods have been widely used due to their
simplicity and effectiveness in extracting phenolic compounds. However, recent
advancements have introduced more efficient and environmentally friendly techniques. The
most popular mild technique-assisted approaches include pressurized liquid extraction, ohmic
heating, cold plasma, microwave, pulsed electric field, and ultrasound (Ebrahimi & Lante,
2022). In the study carried out by Maravi¢ et al., (2022), five different extraction methods
(i.e., solid/liquid extraction, microwave-assisted extraction (MAE), ultrasound-assisted
extraction (UAE), pressurized liquid extraction and subcritical water extraction) with variable
extraction parameters (i.e., ethanol concentration and temperature) depending on the
technique used were utilized for evaluating polyphenol extraction from dried SBLs. They
reported that MAE and UAE yielded the highest phenolic content, with 6.81 and 6.59 mg/g
vitexin, respectively, as the most dominant phenolic compound. Duki¢ et al., (2022) reported
that when the extraction condition and the method are varied, the phenolic profile of SBLs
extract changes. This variability emphasizes the importance of optimizing extraction
processes to maximize the yield and purity of the desired compounds. Table 1 summarizes
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the recent research on the extraction of polyphenols from SBLs. Among all the values
reported, the highest total phenolic content (TPC) (69.44 £+ 0.15 mg GAE/g dry weight) was
obtained through the UAE method in the research conducted by Ebrahimi, Mihaylova, et al.,
(2022). This variability may happen due to the extraction parameters, the variety and the
growth condition of the SBLs.

The concentration of phenolic compounds in plants can fluctuate depending on the plant’s
age. This variation could be linked to environmental interactions and changes in the
expression of genes encoding the activity of the enzymes responsible for the biosynthesis of
phenolic compounds (Bielecka et al., 2019; Chepel et al., 2020). For instance, SBLs collected
100 days after seeding had a TPC of around 1.5 times more than leaves collected after 60
days (Biondo et al., 2014). This variability suggests that as the plant matures, the
accumulation of phenolic compounds increases, potentially enhancing the bioactive
properties of SBLs. Consequently, harvesting at the optimal plant age can maximize the yield
of phenolic compounds, ensuring that the extraction process captures the highest possible
concentration of antioxidants.

It is reported that SBLs exhibit notable levels of polyphenol oxidase (PPO) activity, which
may impede the efficient extraction of polyphenols (Ebrahimi, Mihaylova, et al., 2022). The
activity of PPO in old SBLs is higher (Kiskini et al., 2016), making the extraction process of
polyphenols more challenging. As a result, it is necessary to apply a pretreatment to SBLs
before extracting bioactive components. It has been proven that freeze-drying the SBLs could
be a good practice to reduce polyphenol oxidase activity (Ebrahimi, Lante, et al., 2022).
Therefore, it is reasonable to stabilize the leaves using freeze-drying and to use younger
SBLs for the extraction process to mitigate these challenges and enhance the yield of
polyphenols.

“Table 1 here”
3.2. Proteins and amino acids

The high protein concentration of SBLs makes them an attractive source of protein (Akyliz &
Ersus, 2021; Kiskini et al., 2016). The reported protein content of SBLs includes 31.31%
(Ebrahimi, Mihaylova, et al., 2022), 24.02% (Akyiiz & Ersus, 2021), 22.80% (Kiskini et al.,
2016), and 19.40% (Tamayo Tenorio, Schreuders, et al., 2017). The abundant protein content
in SBLs presents an opportunity for their extraction and producing protein concentrates.
Protein isolates derived from green leaves of different plants, including SBLs, have
demonstrated better gel-forming properties than traditional protein isolates like egg whites
and soy proteins (Di Stefano et al., 2018). Furthermore, the proteins extracted from SBLs
have a high glutamic acid content (Akyiiz & Ersus, 2021), which is known for reducing blood
pressure, making it effective in reducing cardiovascular disease risk (Salehin et al., 2023). All
these factors make SBLs a potential option for protein extraction.

The extraction of proteins can be carried out with several methods, including isoelectric
precipitation (Jarpa-Parra et al., 2014), ammonium sulfate precipitation (Lv et al., 2011), heat
coagulation (Ortega et al., 2024), enzyme-assisted extraction (Akyiiz & Ersus, 2021), and
UAE (Dukic¢ et al., 2022; Ortega et al., 2024). Table 2 summarizes the recent studies on the
extraction of proteins from SBLs.

Among the techniques employed for extracting protein from SBLs, isoelectric precipitation
and ammonium sulfate precipitation are commonly used in producing protein concentrates.
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However, these conventional methods yield a lower quantity of proteins with an undesirable
quality. Additionally, the utilization of harsh chemicals and extended extraction times further
limit the applicability of these conventional methods (Akytiz & Ersus, 2021). On the other
hand, when these methods are assisted by green technologies such as enzymes (Akyiiz &
Ersus, 2021), ultrasound treatments (Ortega et al., 2024; Yeasmen & Orsat, 2024), etc., they
can yield higher quantities of protein, with more desirable quality. For instance, the enzyme-
assisted isoelectric-ammonium sulfate precipitation method increased the extraction yield to
79.01 £ 0.27% (Table 2). The efficiency of protein extraction from plant sources is
influenced by several factors, including temperature, extraction duration, pH, solvent type,
solvent-to-solid ratio, and the interactions among these factors (Akyiiz & Ersus, 2021; Ortega
et al., 2024).

Tenorio et al., (2016) reported that approximately 6% of the total protein extractable from
SBLs is ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). This enzyme, which
constitutes a significant portion of the solubilized protein, can be efficiently isolated from the
soluble leaf protein fraction. Rubisco is a key enzyme for the fixation of CO, during
photosynthesis and represents a valuable protein for various applications due to its abundance
and functional properties (Goktayoglu et al., 2023). Therefore, the high yield and vital
function of Rubisco make SBLs an excellent candidate for further exploration and utilization
in various industrial, nutritional, and biotechnological applications.

Approximately 50% of the proteins in SBLs are soluble and located in the stroma, and around
70% of the leaf proteins are found in the chloroplasts, which include both soluble and
insoluble proteins, with the latter being situated in the thylakoid membrane (Goktayoglu et
al., 2023). In the SBLs, thylakoids are composed of protein complexes in a dynamic lipid
matrix, with approximately 60 % proteins and 40 % lipids. The composition and structure of
thylakoid fragments from SBLs determine their emulsifying properties, which results in a
complex interfacial behavior leading to stabilizing oil droplets in emulsions against
coalescence. It is plausible that both proteins and lipids play critical roles in stabilizing
droplets (Tamayo Tenorio, de Jong, et al., 2017). This characteristic of thylakoids of SBLs
positions them as promising candidates for use in encapsulation systems, which are
increasingly focused on natural materials.

“Table 2 here”

When SBLs are used as a source of protein for food or feed applications, considering the
plant age is an important factor since it has an effect on the overall chemical composition of
the leaves, which in turn can influence the quality and yield of extraction of proteins (Kiskini
et al., 2016). For example, Biondo et al., (2014) reported that 60-day-aged SBLs have a
protein content of 26.4% w/w, while the 100-day leaves have 31% w/w based on dry matter.

In addition to plant age, phenolic compounds found in leaves can also impact the
extractability of proteins. These phenolic compounds may undergo oxidation by endogenous
PPO enzyme upon cell rupture. This oxidation results in the formation of quinones, which
can then polymerize with phenolic compounds or covalently bind to proteins. This binding
may hinder the extractability of proteins and is indicated by the dark color of the reaction
products. Protein modification can significantly decrease the protein solubility. The covalent
linkage of proteins with enzymatically oxidized phenolic compounds can significantly
decrease protein solubility at pH values ranging from 3 to 5 (Kiskini et al., 2016).



One of the challenges in the extraction of proteins from SBLs is breaking the interactions
between proteins and chlorophylls (Tamayo Tenorio, Boom, et al., 2017). Chlorophylls are
frequently complex with protein in the living cells, making the color of protein pellets green.
Tamayo Tenorio, Boom, et al., (2017) reported that even after removing 92% of chlorophylls
in the extraction process of proteins, the remaining pellet still has a green color. They
recommended acetone to wash the chlorophyll content in the protein pellets obtained from
SBLs.

SBLs could also be considered a rich source of essential amino acids. The need for the
essential amino acids is normally provided through animal-based foods such as meat, fish,
milk, and eggs. However, nowadays, with the increasing world population and vegan diet,
there is a need for alternative plant-based protein sources (Adhikari et al., 2022). Among the
plant sources, SBLs have a balanced amino acid composition. Especially the presence of
essential amino acids such as leucine, valine, phenylalanine, lysine, threonine, isoleucine, and
methionine reveals the nutritional quality of SBLs (Akyiiz & Ersus, 2021; Ebrahimi,
Mihaylova, et al., 2022). The abundance of these essential amino acids makes the proteins in
SBLs a promising potential food supplement, addressing the dietary needs of the general
population, particularly those following plant-based diets.

3.3. Lipids and Fatty acids

The lipid content of the SBLs on the basis of dry matter has been reported as 4.20% (Kiskini
et al., 2016), 1.16 £ 0.05% (Ebrahimi, Mihaylova, et al., 2022), 3.4 + 1% (Tamayo Tenorio et
al., 2016). These discrepancies highlight the variability in lipid content depending on growing
conditions, analytical methods, and leaf maturity.

Fatty acids are crucial nutrients for human health, categorized based on the presence or
absence of double bonds into Saturated (SFA), Monounsaturated (MUSFA), and
Polyunsaturated Fatty Acids (PUSFA) (Shukla et al., 2018). Essential fatty acids are some
types of PUSFA, especially those belonging to the omega-6 and omega-3 families, that must
be obtained through the diet, and the body is not able to synthesize them. These essential fatty
acids are notably abundant in the dark green SBLs, primarily due to the lipids stored within
chloroplasts. Despite the relatively low overall lipid content in SBLs, their consumption
significantly enhances the intake of essential fatty acids such as a-linolenic acid (omega-3)
(Biondo et al., 2014). This highlights the importance of investigating the fatty acid
composition of SBLs, as it provides valuable insights into their nutritional significance and
potential health-promoting properties.

Palmitic acid dominates the fatty acid composition of SBLs, constituting the highest
concentration at 27.87 £ 0.33% (Ebrahimi, Mihaylova, et al., 2022). While SFAs like
palmitic acid are associated with certain metabolic diseases, it is widely recognized that their
metabolic effects vary depending on their chain length. For example, medium-chain SFAs
have been shown to have beneficial effects in promoting metabolism (Saraswathi et al.,
2020). Additionally, several fatty acids, including lauric, linoleic, and myristic acids, possess
antibacterial and antifungal properties, further highlighting the multifaceted roles of fatty
acids in biological systems (Shukla et al., 2018). The antibacterial action of fatty acids may
involve inhibiting processes like DNA/RNA replication, cell wall synthesis, protein
synthesis, disrupting the cytoplasmic membrane, and interfering with metabolic pathways
crucial for bacterial growth and survival (Casillas-Vargas et al., 2021).



Ebrahimi et al., (2022) highlighted that SBLs are a rich source of omega-3 and omega-6 fatty
acids, which are key components of membrane glycerolipids and photosynthetic tissues in
leaves (Ennigrou et al., 2018). Specifically, Ebrahimi, et al., (2022) found that 15.15 £ 0.42%
of the total fatty acid content in SBLs is linoleic acid, and 12.70 + 0.20% is a-linolenic acid.
Foods high in a-linolenic acid are known to help prevent disorders such as prostate cancer,
rheumatoid arthritis, colon cancer, coronary diseases, and brain cancer (Biondo et al., 2014).
Furthermore, the co-supplementation of omega-3 fatty acids and vitamin E has been shown to
reduce Very Low-Density Lipoprotein (VLDL) levels (da Silva et al., 2020). Therefore,
consuming SBLs could provide multiple health benefits, including anti-disease effects for
consumers.

Ebrahimi et al., (2022) also reported that SBLs are rich in oleic acid, comprising 25.34 +
0.39% of the total fatty acid content. MUFAs, such as oleic and palmitoleic acids, can reduce
Low-Density Lipoprotein (LDL) levels while maintaining High-Density Lipoprotein (HDL)
levels. This balance is crucial for controlling plasma cholesterol levels (Moretto et al., 2020).
Thus, the high oleic acid content in SBLs underscores their potential cardiovascular benefits.

3.4. Chlorophylls

Chlorophylls are among the most prominent bioactive compounds which are proven to have
many health benefits and are used as natural food coloring agents (Ebrahimi et al., 2023). It is
reported that SBLs are a rich source of chlorophylls, making them a potential option for
extracting these pigments (N. Wang et al., 2021). There are several factors influencing the
chlorophyll content in SBLs, including leaf age, fertilizer, UV, nitrogen content, etc.
(Karvansara & Razavi, 2019; Kiskini et al., 2016; Zhang, Tian, Wang, Li, & Mouazen,
2021). Understanding the effect of these factors is crucial for optimizing chlorophyll
extraction processes from SBLs.

Caliskan et al., (2020) conducted research on the effect of fertilization on the chlorophyll
concentration in SBLs. They reported that SBLs treated with ammonium sulfate combined
with Bio-one (4zotobacter vinelandii — ATCC 478 TM and Clostridium pasteurianum —
ATCC 6013 TM) had a chlorophyll concentration of 53.12 Soil-Plant Analysis Development
(SPAD) units, whereas SBLs treated with ammonium sulfate only had a concentration of
37.18 SPAD units (Caliskan et al., 2020). Additionally, Mubarak et al., (2016) observed that
increasing potassium levels in fertilizer can enhance chlorophyll content in SBLs.
Specifically, the application of potassium fertilizer at a rate of 296 kg/ha resulted in a
maximum chlorophyll content of 40 pug/g, compared to 26 pug/g in the control group.

In a study on wild edible Swiss chard leaves (B. vulgaris L. var. cicla), total chlorophyll
content was 28 £ 0.02 pg/mL (Mzoughi et al., 2019). Comparing this result with studies on
SBLs, which are from the same species, it is evident that SBLs contain a higher quantity of
chlorophyll. This indicates that SBLs can be considered an interesting source of chlorophylls
for the food and pharmaceutical industries.

In another study, Karvansara & Razavi (2019) investigated the physiological and biochemical
responses of SBLs to three different dosages of UV-B radiation. The untreated samples
exhibited a total chlorophyll level of 52.26 &+ 0.99 ug/mL, whereas the UV-treated samples
showed a decrease in total chlorophyll content at all three doses. They also found that UV-B
radiation reduces the gene expression of chlorophyll a/b binding proteins. Therefore, it can be
concluded that this treatment may be useful for obtaining protein concentrates without the
green color resulting from chlorophylls.



Chlorophylls are found in the thylakoids within the chloroplast (Ebrahimi et al., 2023).
Thylakoids also contain protein complexes embedded in a dynamic lipid matrix (Tamayo
Tenorio, de Jong, et al., 2017). During the extraction of polyphenols and proteins from SBLs,
cell rupture leads to the simultaneous extraction of chlorophylls, complicating the process.
For example, Tamayo Tenorio, Boom, et al., (2017) reported that chlorophylls make
complexes with protein, and they are accompanied with the green protein pellet part.
Moreover, extraction of polyphenols from plant leaves using organic solvents (e.g., ethanol,
acetone, etc.) can result in the unintended co-extraction of chlorophylls (Ebrahimi et al.,
2023; Phaisan et al., 2020). These chlorophylls should be removed from the phenolic extracts
to avoid altering the sensory characteristics of food products (Skendi et al., 2022). The
interactions between chlorophylls and other compounds highlight the complexity of
extraction processes and emphasize the need for careful methodology to ensure accurate
analysis of target compounds in SBLs. This underscores the importance of developing
effective chlorophyll removal techniques to improve the purity of compounds extracted from
SBLs.

3.5. Fiber

Dietary fibers, composed of carbohydrate polymers and some non-carbohydrate components,
offer multiple health advantages, such as preventing obesity, diabetes, stroke, hypertension,
and coronary heart disease (Ebrahimi, Mihaylova, et al., 2022). Moreover, fibers present a
significant potential as a food additive or a functional food ingredient, meeting the
technological and functional criteria necessary for the development of health-promoting
value-added products (S. Hussain et al., 2020). The fiber content in SBLs has been reported
as 2.93% (Fernandez et al., 2017), 2.13 £+ 0.03% (Ebrahimi, Mihaylova, et al., 2022).
Additionally, it is reported that SBLs contain 21.2% hemicellulose and 11.4% cellulose
content (Wadhwa et al., 2005). Tamayo Tenorio, de Jong, et al., (2017) reported that the
dietary fiber content of thylakoids extracted from SBLs is 14.2+3.2 %. These results
underscore that SBLs represent a valuable source of dietary fibers, with a significant potential
for utilization in the formulation of food products or to be consumed directly.

Various studies have been conducted on fortifying food products with green leaves. The
cookies fortified with dried beetroot leaves exhibited increased levels of insoluble and soluble
dietary fiber as well as crude fiber (Asadi & Khan, 2021). In another study, pasta products
fortified with fresh leaves of beetroot, carrot, and radish demonstrated elevated levels of both
crude fiber and dietary fiber in all products compared to the control products (Veena et al.,
2019). Considering the limited research on fortifying food products with dietary fiber from
SBLs, it is proposed to consider SBLs a promising source of dietary fiber for the production
of functional food products in future research.

Moreover, fiber and polyphenols in plant-based food are essential in preventing metabolic
alterations. When fiber and polyphenols reach the colon, they are fermented by the
microbiota, resulting in the generation of short-chain fatty acids. These fatty acids regulate
food intake and improve the expression of anorectic hormones in the colon (Becerril-Campos
et al., 2022).

Tamayo Tenorio, Gieteling, Nikiforidis, Boom, & van der Goot, (2017) highlighted that the
extraction of proteins from SBLs using the pressing method yields a significant amount of
pulp and residues, which can still be utilized for obtaining fiber. These fibrous pulps from
SBLs serve as a dependable source of dietary fibers such as cellulose, hemicellulose, and
lignin. The authors reported that these press cakes contain cellulosic particles comprising
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approximately 77.8% insoluble dietary fiber, with 6.3% remaining proteins. Remarkably, the
obtained cellulosic particles exhibit considerable interfacial activity, making them suitable for
stabilizing oil-in-water emulsions. These distinctive properties of fiber extracted from SBLs
present opportunities for enhancing the stability of emulsion-based food products, thereby
contributing to advancements in food formulation or the development of novel food products.

4. Health benefits and biological activity

The growing interest in healthy diets and lifestyles among consumers has elevated the
demand for nutritious foods prepared with functional ingredients. The priority of consumers
is not only satisfying hunger anymore but also consuming essential and functional nutrients
have become another aim of eating (Asadi & Khan, 2021). To meet this consumer demand,
sugar beet by-products could serve as a valuable source of bioactive compounds with
potential health benefits (Caliceti et al., 2022). The high content of phenolic compounds and
antioxidative capacity of SBLs highlights the importance of promoting their incorporation
into the diet of consumers, indicating great potential to introduce the leaves as part of a
healthy diet (Zhou et al., 2023). Phenolic compounds derived from plant sources, such as
SBLs, may improve biological functions, including antimicrobial, antiviral, anti-
inflammatory, anti-allergy, anti-thrombotic, heart-protective, and blood vessel dilation
effects, potentially playing a crucial role in guarding against various health issues, including
atherosclerosis, brain dysfunction, cancer, etc. (Arjeh et al., 2022; Ignat et al., 2011).

El-Gengaihi et al., (2016) reported that SBL extract shows significant hepatoprotective
effects against liver damage in rats induced by carbon tetrachloride. This was evidenced by
the improvement in all liver and antioxidant enzymes, as further supported by
histopathological examination (EI-Gengaihi et al., 2016). Ferulic acid, as one of the most
abundant bioactive compounds in SBLs (Battistella Lasta et al., 2019; Maravi¢ et al., 2022),
has hepatoprotective effects, guarding the liver against cholestatic and fibrotic injuries, and
improving non-alcoholic fatty liver disease by modulating gut microbiota (Di Giacomo et al.,
2022).

Hegazi et al., (2020) stated that naturally occurring phenolics in beetroot leaves, such as
flavonoids, have been found to regulate carbohydrate and lipid metabolism by influencing the
activity of digestive enzymes, such as pancreatic a-amylase and lipase. Given the botanical
relationship between beetroots and sugar beets, it is reasonable to infer that SBLs contain
comparable bioactive compounds, such as flavonoids, which could potentially show the same
effect.

In a study conducted by Hussain et al., (2011), the antibacterial properties of SBLs were
examined against Klebsiella pneumoniae, Escherichia coli, Salmonella typhi, Staphylococcus
aureus, and Bacillus subtilis. The results revealed that the crude and chloroform fractions of
the leaves and midribs demonstrated effectiveness against all bacteria under investigation.
Interestingly, the n-hexane fraction displayed anti-pneumonia activity comparable to that of
ciprofloxacin. Considering these findings, Hussain et al., (2011) suggested that SBLs could
potentially be utilized as a natural anti-pneumonia medicine with the expected low to zero
side effects.

5. Application of SBLs in food industry

The use of proteins, polyphenols, and other valuable components from SBLs for both food
and non-food applications is complex and involves careful consideration of various factors



(Tamayo Tenorio, Schreuders, et al., 2017). In response to limitations on artificial food
additives, such as synthetic antioxidants, and the need for alternative plant protein sources,
SBLs can be used in different industrial fields, such as pharmaceuticals, food, and chemicals
(Akyliz & Ersus, 2021; Albuquerque et al., 2021).

For example, SBLs have a high concentration of glutamic acid (14.32 £ 0.21% of its total
amino acid content). This compound could be used as a food additive in the form of
monosodium glutamate, a well-known flavor enhancer (Akyliz & Ersus, 2021; Ebrahimi,
Mihaylova, et al., 2022). Therefore, SBL powder may be employed as a natural flavor
enhancer due to its high glutamic acid content.

Furthermore, the high quantity of protein in SBLs makes them a potential alternative source
of protein in the food industry (Akyiiz & Ersus, 2021). The high gelation properties of the
protein extracted from SBLs make it an ideal ingredient to be used as an egg-white replacer
and in meat alternatives (Geerts et al., 2023). The rubisco protein isolate obtained from SBLs
exhibits exceptional solubility, foaming, and emulsifying characteristics. Given the better
foam stability and emulsion quality obtained by rubisco protein isolate compared to soy
protein isolate and whey protein isolate, it can be inferred that rubisco protein isolate sourced
from SBLs represents a promising food ingredient to address future food security challenges
(Martin et al., 2019). Given these attributes, further research and development could enhance
the use of SBLs as a sustainable and cost-effective protein source, which could play a
significant role in diversifying protein options in the food industry.

In recent years, natural antioxidant extracts have attracted significant attention for their
ability to prolong the shelf-life of lipid-containing foods and beverages by delaying the
oxidation process (Ebrahimi, Bayram, et al., 2024a). Lipid oxidation is the most crucial
quality parameter in the food industry that can be addressed by antioxidants (Abeyrathne et
al., 2021). According to Dominguez et al., (2020), the extract of beetroot (B. vulgaris subsp.
vulgaris) leaf, which is from the same species as SBLs, exhibits a dose-dependent reduction
in lipid oxidation of a meat model system. As mentioned earlier, SBLs contain high
antioxidant activity (Maravi¢ et al., 2022). Thus, the phenolic extract extracted from SBLs
could also demonstrate inhibitory effects against lipid oxidation in food products. The
successful use of SBLs’ phenolic extracts to inhibit lipid oxidation in corn oil (Ebrahimi,
Hoxha, et al., 2024) and soybean oil-in-water emulsions (Ebrahimi, Bayram, et al., 2024b)
has been reported in the literature.

Currently, there are few natural phenolic antioxidants extracted from plants in the market
(Petcu et al., 2023), with rosemary extract (E392) approved by EFSA to be used in food
products (Younes et al., 2018). However, despite promising research on the potential of
phenolic extracts as food additives, their widespread industrial application remains distant.
To introduce new phenolic extracts to the market, extensive studies are required to evaluate
their safety and gain approval from regulatory authorities such as the FDA in the United
States and EFSA in the European Union (Albuquerque et al., 2021). Therefore, while the
antioxidant potential of SBL phenolic extracts is promising, further research and regulatory
approval are necessary before they can be widely adopted in the food industry.Additionally,
the significant presence of chlorophylls in SBLs can be attributed to the growing demand for
natural and nutritionally valuable additives in food products, cosmetics, and pharmaceuticals
due to their bioactive properties (Caliskan et al., 2020; Ebrahimi et al., 2023). In the food
industry, chlorophylls from SBLs can serve as natural colorants, providing a safer alternative
to synthetic dyes (Ebrahimi et al., 2023). This opens the possibilities for future applications
of SBLs as a source of chlorophylls.

10



Aramrueang et al., (2017) developed a regression model that provides an estimate of sugar
conversion from sugar beet leaf hydrolysis, which could be used to design a leafy biomass
biorefinery. This model could be significant for utilizing SBLs by converting them into
valuable fermentable sugars.

In addition to the food sector, sugar beet by-products have significant potential in the
chemical and biotechnology industries. Modelska et al., (2017) developed a thermally-
assisted acid hydrolysis method for converting SBLs and sugar beet pulp into valuable
chemicals such as furfural, furfuryl alcohol, tetrahydrofurfuryl alcohol, lactic acid, propylene
glycol, as well as fuels like hydrogen and methane, and yeast biomass. Furfuryl alcohol can
be used as a fuel additive in sugar factories, while tetrahydrofurfuryl alcohol can enhance
agricultural fertilizers, improving sugar beet yields (Modelska et al., 2020). Zayed et al.,
(2023) utilized SBLs for the synthesis of sustainable active carbon. They reported that SBLs
demonstrate the eco-friendly potential to be an alternative to commercially available
activated carbon.

SBLs provide a promising new source of hydroperoxide lyase, which has the potential to be
utilized as a biocatalyst in a bioprocess for generating green note aldehydes. C6-aldehydes
are important flavor compounds commonly used in the food and fragrance industries (Baysal
& Demirddven, 2007). Due to their limited presence in plants and expensive extraction
methods, enzymatic synthesis using lipoxygenase and hydroperoxide lyase as biocatalysts is
economically attractive for large-scale production of these compounds (Rabetafika et al.,
2008). The diverse applications of SBLs not only highlight their value in reducing waste but
also underline their potential to drive innovation across multiple industries.

6. Challenges: Does it worth to valorize SBLs?

The valorization of SBLs faces several challenges. A major issue is the variability in the
content of polyphenols, proteins, and other functional compounds in each batch of SBLs.
This variability is influenced by factors such as the age of the plant and environmental
conditions during growth (Biondo et al., 2014). Furthermore, the limited research on the
valorization of SBLs hinders the exploration of their potential applications in the food sector.
Figure 4 summarizes the challenges in the valorization of SBLs. Overcoming these
challenges requires a concerted effort in research to standardize extraction processes and
better understand the factors affecting SBL composition.

Another limitation in utilizing SBLs for industrial purposes is their seasonal availability. This
periodical availability makes it necessary to extend the shelf life of leaves to meet the needs
of processing bottlenecks. The shelf life of the leaves is normally around 5-7 days, if not
frozen. A strategy employed to prolong their storage duration involves moisture removal. The
high moisture content and activity water of SBLs make them susceptible to undesirable
enzymatic reactions and microbial decay. Additionally, this moisture content contributes to
increased leaf volume and weight, leading to higher transportation costs and complicating the
extraction of nutritious compounds. Hence, the viability of valorizing SBLs for producing
high-value ingredients like proteins and natural antioxidants must include more than just
extraction processes but also encompass considerations for initial handlings, such as
stabilization of leaves (Ebrahimi, Mihaylova, et al., 2022; Tamayo Tenorio, Schreuders, et
al., 2017).

“Figure 4 here”
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The methods to stabilize fresh leaves include cooling, freezing, and drying, with drying as the
most energy-consuming option, given the large volumes of water that need to be removed in
the case of leaves (Tamayo Tenorio, Schreuders, et al., 2017). For example, the average water
content of fresh SBLs is reported 82.42 + 0.08%, which was decreased to 9.26 + 0.33% using
freeze drying for 4 days (Ebrahimi, Mihaylova, et al., 2022). It is reported that a 48-hour
freeze-drying for a sample with a moisture content of 84.60 % consumes a total energy of
937.18 MJ/kg sample (Keselj et al., 2017). Therefore, in the case reported by Ebrahimi,
Mihaylova, et al., (2022), the energy consumption was approximately 18.74 MJ/kg leaves.
Table 3 compares the energy consumption for the recovery of phenolic compounds from
fresh and freeze-dried SBLs. The results show that despite the high energy consumption of
freeze-drying, the final energy consumption required for obtaining 1 kg of polyphenols from
freeze-dried SBLs is significantly lower than that of obtained from the fresh leaves. This
makes freeze-drying a precious option to increase the yield of polyphenol extraction with a
much lower cost and energy consumption. Drying could be a good solution to overcome the
problems raised by enzymatic browning. As reported by Ebrahimi, Mihaylova, et al., (2022)
freeze-drying decreased the activity of polyphenol oxidase enzyme in the SBLs significantly.
Garcia et al., (2021) have also proposed drying the plant tissues prior to extraction to reduce
moisture content, thereby preventing the plant from spoiling and preserving the overall
quality of bioactive compounds. Another study conducted by Duki¢ et al., (2022) found that
samples of dried SBLs had a higher concentration of phenols compared to samples of fresh
leaves (Table 1).

Tamayo Tenorio, Schreuders, et al., (2017) proposed cooling and freezing as the most
suitable stabilization methods for the extraction of proteins from SBLs. They reported that
drying the leaves would result in 6818 kJ/kg SBL or 380 MJ/kg protein, which exceeds the
energy used for obtaining plant-based proteins (37 MJ/kg protein) (Pimentel & Pimentel,
2003; Tamayo Tenorio, Schreuders, et al., 2017).

“Table 3 here”

Another challenge in the valorization of SBLs and their use as food ingredients is the safety
concerns and regulation of the use of novel food materials for human consumption. The
possibility of the presence of toxic compounds in the plants makes it necessary to ensure their
safety before using them as food ingredients. For example, sugar beet is often contaminated
with nicosulfuron when it is cultivated adjacent to corn fields, which could potentially make
SBLs toxic (Wang et al., 2022). Despite ongoing efforts to develop food ingredients from
food by-products, the safety assessment of SBLs still remains insufficiently explored (Socas-
Rodriguez et al., 2021). Currently, research on the safety of compounds extracted from SBLs
is limited. Further investigation is needed to address potential safety concerns, including
heavy metals, mycotoxins, pesticides, anti-nutritional factors, etc. According to regulation
2015/2283 of the European Parliament and the Council of the EU (2015), food or food
ingredients not used for human consumption before May 1997 are classified as "novel", and
these novel foods must undergo a safety assessment before being introduced to the EU
market. These regulations present challenges for further valorization of by-products,
including SBLs. Comprehensive safety evaluations are necessary to ensure compliance with
regulatory standards before their use as human food.

The last but not the least challenge in valorization of SBLs is the limited awareness of
consumers about the ingredients and foods developed from by-products. Marketing by-
products is a challenging but intriguing possibility for the sector's long-term development.
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Acceptance of foods containing by-products by consumers is influenced by their fear of
unusual food and unknown processing steps (Perito et al., 2020). However, younger
consumers have lower levels of neophobia and are more open to trying novel products.
Moreover, sustainability-minded and eco-conscious consumers, are also more accepting of
upcycled products (Lu et al., 2024). Different surveys conducted among consumers indicate
that consumers identify the use of vegetable by-products with sustainable production and
environmental responsibility, and they believe that purchasing sustainable products
demonstrates an ecologically conscious mindset (Cristofoli et al., 2023; Perito et al., 2020).

Given the various challenges, the valorization of SBLs for food industry applications still
presents significant potential despite the limitations. In summary, the variation of polyphenol
and protein content, seasonal availability, and high moisture levels complicate the extraction
process. However, finding proper stabilization methods, such as freeze-drying, may result in
improving the extraction yield by preserving the quality of bioactive compounds. Moreover,
addressing regulatory requirements and consumer awareness issues is essential. Therefore,
with persistent research and development to standardize processes and improve storage
techniques, valorizing SBLs can be a viable biorefinery approach to produce high-value
ingredients, which may contribute to waste reduction and resource efficiency in the food
industry.

7. Conclusion

SBLs, as the main by-product of sugar beet cultivation, are a rich source of functional
compounds, including polyphenols, proteins, chlorophylls, and fibers. This characteristic
makes them a promising resource for conversion into nutritious ingredients, aligning with the
biorefinery approaches. These ingredients can be utilized to develop valuable food products
with numerous health benefits. In conclusion, the valorization of SBLs offers a sustainable
and economically viable solution to utilize these by-products effectively. Exploring and
harnessing the full potential of SBLs can lead to innovative food products that are both
nutritious and environmentally friendly. However, more research is required to optimize the
effective extraction of functional compounds on an industrial scale and to confirm the safety
of extracted compounds for human consumption. This ensures the potential applications of
SBLs in the food industry to develop functional foods, nutritional supplements, and natural
food additives.
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Figure and tables captions:

Figure 1. The count of academic papers focused on the keyword "by-products valorization"
during the period from 1974 to 2023 (Data obtained from Scopus as described by De Iseppi,

et al, (2020), Accessed on February 29, 2024, Total count: 3479 articles)

Figure 2. Beta vulgaris L. cultivation around the world (GBIF, 2024)

Red points show the places where plants from B. vulgaris L. Species are cultivated.

Figure 3. The biorefinery approach to valorize the functional compounds found in SBLs

Figure 4. Challenges in valorization of SBLs

Table 1. Different extraction methods used for the recovery of polyphenols from SBLs

Table 1. Different extraction methods used for the recovery of polyphenols from SBLs

Antioxidant Total
. phenolic .
Extraction Extraction condition Activity of content Detected phenolic References
method compounds
extract (mg (mg
TE/g) GAE/g) *
Phenolic acid: p-
5gDSin50mL 70% DPPH: 17.22 coumaric acid,
EtOH +0.82* (DW) 9.20 +
S/L 0.30%* (Maravi¢ et
24 h extraction time, ABTS: al., 2022)
Shaking at 150 RPM 15.324+0.33* (DW)
at room temperature (DW) .. .
Isovitexin, catechin
derivatives, vitexin
: +
lgofDSin2smL  Oj I;Igl'(ggvxf) (Ebrahimi
70% EtOH, 24 h ’ 15.12 + . ’
SIL extraction time at 0.19 (DW) Mibaylova, et
00 temperature FRAP: 12.94 ’ al., 2022)
p +0.33 (DW)
Dried leaves were . o
S/L extracted with - 1.63+0,17  Callicacidand — (El-Gengaihi

MetOH.

23

etal., 2016)



MAE

PLE

PLE

SWE

UAE

UAE

1 gof DS in 10 mL

70% EtOH, 10 min

extraction time, 600
W microwave power

1 gFSin5.35mL
70% EtOH.

Pressure of 10 bar at
25 °C for 105 min

1 g DS in 20 mL 50%

EtOH, in 2 cycles, 10

min extraction time at
150 °C

1 g DS in 20 mL
water, in 2 cycles, 10
min extraction time at

150 °C

1 g DS in 50 mL
water, Amplitude
100%, 9 min
extraction time

0.5¢gDS in 10 mL
water, 200 W output
power, 25%
amplitude, 20 kHz
frequency, and 15 min
extraction time

DPPH: 19.13
+0.32%*
(DW)

ABTS: 42.13
+0.87* (DW)

DPPH: 5.19 +
0.32 (FW)

FRAP: 14.60
+0.21 (FW)

ABTS: 14.50
+0.05 (FW)

DPPH: 12.48
+0.44* (DW)

ABTS:
31.93+0.37*
(DW)

DPPH: 11.2 +
0.37 (DW)

ABTS: 24.72
+0.50 (DW)

DPPH: 6.50 +
0.04 (DW)

FRAP: 24.65
+0.33 (DW)

24

17.20 =
0.50*

(DW)

34,56 +
1.76 (FW)

13.20 +
0.60*

(DW)

9.80 +
0.20%*

(DW)

17.89 +
0.38 (DW)

69.44 +
0.15 (DW)

Phenolic acid: p-
coumaric acid,

sinapic acid
derivative

Flavones:

Isovitexin, catechin
derivatives, vitexin

Pyrogallol,

4-hydroxybenzoic

acid,

syringic acid

Phenolic acid: p-
coumaric acid,

sinapic acid
derivative

Flavones:

Isovitexin, catechin
derivatives, vitexin

Phenolic acid:
Ferulic acid,
vanillic acid,
syringic acid

Flavones:

Isovitexin, catechin
derivatives, vitexin

(Maravic et
al., 2022)

(Ebrahimi,
Lante, et al.,
2022)

(Maravi¢ et
al., 2022)

(Maravi¢ et
al., 2022)

(Duki¢ et al.,
2022)

(Ebrahimi,
Mihaylova, et
al., 2022)



Phenolic acids:

1 g DS in 10 (m/v) Sinapic acid

solid-to-liquid ratio, | op. %;'\ZVO) 16.20 + erivative
UAE 30 min, 50% EtOH, ’ 0.70%* (Maravi¢ et
60 W/L (ultrasonic al., 2022)
power) temperature ABTS: 37.58 (DW)
+0.38* (DW) Flavones:
70 -C
Vitexin
1 g FSin 50 mL 16.10 =
UAE water, Amplitude ) 0.00 ) (Duki¢ et al.,
100%, 9 min 2022)
extraction time (DW)

S/L: Solid liquid extraction, DS: Dried sample, EtOH: Ethanol, MetOH: Methanol, MAE: Microwave-assisted extraction,
FS: Fresh sample PLE: Pressurized liquid extraction and, SWE: Subcritical water extraction, UAE: Ultrasound-assisted
extraction, DPPH: 2,2-Diphenyl-1-picrylhydrazyl radical scavenging activity, FRAP: Ferric reducing antioxidant power

DW and FW show that the results are presented in dry weight or fresh weight, respectively.
*Units are converted.

Data is presented in mean + standard deviation.

Table 2. Overview of protein extraction processes from SBLs

Table 2. Overview of protein extraction processes from SBLs

Protein
Extraction method Extraction condition yield References
(%)

Isoelectric- Phosphate buffer (pH=7.5) 55.15+ (Akyliz & Ersus,
ammonium sulfate 2.82 2021)
precipitation Precipitated with 85% ammonium sulfate at pH= 5.5

Temperature: 54.25 °C, Time: 81.35 min

solvent/solid ratio: 1:27.65 (w/v)
Isoelectric Sodium acetate buffer (pH=06) 26.73 + (Akyiiz & Ersus,
precipitation solid/solvent ratio 1:10 1.43 2021)

45 °C for 30 min at pH 8.5, and then 36 °C for 20
min at pH 4.5

25



Isoelectric
precipitation

Ammonium sulfate
precipitation

Ammonium sulfate
precipitation

Enzyme-assisted
isoelectric-
ammonium sulfate
precipitation

Heat coagulation

High-pressure-
assisted heat
coagulation

Carbonate—bicarbonate buffer (pH 9.2, 0.02 M)
solid/solvent ratio: 1:8 (w/v)
Mixture was stirred at 80 rpm, 50 °C for 30 min.

Precipitated at pH 3.5 (Isoelectric point)

Phosphate buffer (pH=7.5)
Precipitated with 85% ammonium sulfate at pH= 7.5

solid/solvent ratio 1:10

Carbonate—bicarbonate buffer (pH 9.2, 0.02 M)
solid/solvent ratio: 1:8 (w/v)

Mixture was stirred at 80 rpm, 50 °C for 30 min.
Precipitated with 85% ammonium sulfate.

An enzymatic pretreatment at 45 °C for 30 min with
8% Pectinex Ultra SP-L enzyme concentration was

done before extraction of protein with Isoelectric-
ammonium sulfate precipitation method.

Carbonate—bicarbonate buffer (pH 9.2, 0.02 M)
solid/solvent ratio: 1:8 (w/v)
Mixture was stirred at 80 rpm, 50 °C for 30 min.

Supernatant after centrifugation was heated up to 80
°C

Precipitated at pH 3.5 (Isoelectric point).

Carbonate—bicarbonate buffer (pH 9.2, 0.02 M)
solid/solvent ratio: 1:8 (w/v)
Mixture was stirred at 80 rpm, 50 °C for 30 min.

Mixture was passed through a homogenizer at 1400
bar (3 times).

Supernatant after centrifugation was heated up to 80
°C.

26

2991

30.71 £
1.19

35.81

79.01 +
0.27

16.65

26.17

(Goktayoglu et
al., 2023)

(Akyiiz & Ersus,
2021)

(Goktayoglu et
al., 2023)

(Akyliz & Ersus,
2021)

(Goktayoglu et
al., 2023)

(Goktayoglu et
al., 2023)



Precipitated at pH 3.5 (Isoelectric point).

High-pressure- Carbonate—bicarbonate buffer (pH 9.2, 0.02 M) 27.60 (Goktayoglu et
assisted isoelectric al., 2023)
point precipitation solid/solvent ratio: 1:8 (w/v)

Mixture was stirred at 80 rpm, 50 °C for 30 min.

Mixture was passed through a homogenizer at 1400
bar (3 times)

Precipitated at pH 3.5 (Isoelectric point)

Mechanical The juice of SBLs was obtained by pressing. 34 (Tamayo
extraction Tenorio, Boom,
The pH of the juice was set to 3.5. etal., 2017)

Juice was stirred for 30 min at room temperature.

After centrifuge, the protein content was measured.

Table 3. Comparison of energy consumption for the recovery of phenolic compounds from
SBLs according to data reported by Ebrahimi, Mihaylova, et al., (2022)

Table 3. Comparison of energy consumption for the recovery of phenolic compounds from
SBLs according to data reported by Ebrahimi, Mihaylova, et al., (2022)

Approximate energy consumption

Processing Condition/Result
steps
Fresh SBLs Freeze-dried SBLs
Drying Frgeze drying for 96 h q§creased i 18.74 MJ/kg leaves!
process moisture and water activity from

82.42 £ 0.08% and 0.98 £ 0.00 to
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Extraction
process

Recovered
phenolic
compounds

Total
Energy
consumptio
n

9.26 +0.33 % and 0.10 = 0.00,
respectively.

Ultrasound-assisted extraction: 0.5

g leaves in 10 mL solvent, 200 W

output power, 25% amplitude, and
15 min extraction time

Fresh SBLs: 7.05 + 0.29 g GAE/kg
FwW3

Freeze-dried SBLs: 55.98 £0.63 g
GAE/kg FW

90 MJ/kg leaves?

To extract 1 kg of
phenolic
compounds, 141.84
kg of fresh SBLs is
needed.

12765.96 MJ/Kg
polyphenols

90 MJ/kg leaves?

To extract 1 kg of
phenolic compounds,
17.86 kg of freeze-
dried SBLs is
needed, which is
obtained by freeze
drying 66.54 kg of
fresh SBLs.

2854.36 MJ/kg
polyphenols (Sum of
1246.96 MJ/kg for
freeze-drying and
1607.4 MJ/kg for
extraction)

1 Includes the energy needed for all the steps of freeze-drying, including freezing, sublimation, vacuum. Calculated based on
Keselj, Pavkov, Radojcin, & Stamenkovic, (2017), who freeze dried a sample with the same content of moisture.

2 Energy consumption (MJ/kg) = Power used x Time. In this case, the used power was S0W (calculated based on 25%
amplitude), and time was 15 min.

3 Calculated based on fresh weight
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