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Chia seed mucilage (CSM) possesses a range of functional and bio-functional properties, making it
a valuable hydrocolloid. The CSM extraction process includes stages such as hydration, separation,
recovery, and purification of polysaccharides. Traditional methods using strong bases or acids and high
temperatures can damage CSM and demucilaged seeds, which are useful for oil extraction. To address
this issue, non-thermal technologies have shown significant promise as an environmentally friendly

extraction method. Based on the existing literature, this review focuses on non-thermal techniques such
Received 6th March 2024

Accepted 4th June 2024 as ultrasonication, cold plasma, microwave, and pulsed electric field, for potential future use. It highlights

the benefits of non-thermal technologies on the physical and functional properties of CSM. The review

DOI: 10.1039/d4f00074a emphasises the potential of CSM as a novel food hydrocolloid across various industries, including its use
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in pharmaceuticals and cosmetics, emphasising sustainable extraction and application.

This is the first review discussing the prospects of non-thermal technologies for chia seed mucilage (CSM) extraction with a focus on the application of improved

approaches of mucilage extraction over traditional methods. This will provide an understanding for researchers and industrialists to opt for a better technique to
extract a novel food hydrocolloid which is having a positive impact on food attributes. This work emphasises the utilization of sustainable technologies without
the use of chemicals and thermal treatments to extract CSM with minimal loss of nutritional qualities. This will provide opportunities to produce novel food

ingredients, processing, and packaging-oriented use of chia seed.

1 Introduction

The increasing popularity of vegan and vegetarian diets is
linked to changing dietary preferences and increased interest in
plant-based alternatives to animal-derived products. These
alternatives are preferred due to their health benefits, such as
arich content of essential amino acids and a lipid profile which
is high in polyunsaturated fatty acids, and their greater envi-
ronmental sustainability. Consequently, there is a growing
demand for plant-based foods, emphasising the importance of
identifying new plant-based ingredients for application in food
and beverage products. This trend reflects a growing inclination
towards plant-based food products, underscoring the necessity
to explore and develop novel plant-derived ingredients suitable
for the food and beverage industry."
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The need for plant-based alternatives to food hydrocolloids
is growing. Food hydrocolloids, which enhance the functional
properties of food, are traditionally sourced from seeds (locust
bean gum, guar gum, and tara gum), plants (pectins, starch, and
cellulose), microbial sources (gellan gum and xanthan gum),
and seaweeds (carrageenan, agar, and alginate). Additionally,
plant seed exudate, gums, or mucilage (gum karaya, gum arabic,
and tragacanth) are used as hydrocolloids, often after purifica-
tion with enzymes or chemicals.” Recent studies have focused
on mucilage from basil seeds,** flaxseed,” tamarind,® quince
seed,” and chia seeds,*'° analysing their effectiveness as stabi-
lizers, fat replacers, or hydrocolloids in various food products,
particularly suitable for people with dysphagia.

Plant seed mucilage (PSM), recognised as an eco-friendly,
edible, and sustainable natural polysaccharide hydrocolloid,
enhances food products by providing stabilization, texture, and
structure.”** Research indicates that it not only improves the
nutritional & functional properties of food formulation*** but
is also cost-effective, biocompatible, biodegradable, and non-
toxic making it a preferable alternative to synthetic thickeners
in industrial applications.”®'® Additionally, seed mucilage
serves as a carrier for various lipophilic and hydrophilic
compounds such as essential oils, vitamins, probiotics, anti-
microbial agents, and antioxidants. This delivery mechanism
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enhances these encapsulated molecules' bioavailability, bioac-
tivity and stability, thereby improving the overall quality of food
products.”’

Numerous studies in the literature have detailed recent
developments in the extraction, composition, functional and
structural properties, and thermal properties of plant seed
mucilage, highlighting its effectiveness as a hydrocolloid. For
instance, Lira et al' reviewed the composition, extraction
methods, and main uses of mucilage derived from flaxseed,
chia seeds, and Barbados gooseberry. Similarly, Goksen et al.**
discussed polysaccharides in mucilage and their applications in
the food industry, including in bakery and meat products, fer-
mented dairy products, and biomedical and tissue engineering
applications. Yang et al.*® focused on mucilage's potential as an
emulsifier substitute. Cakmak et al.'® conducted a systematic
review of various plant seed mucilage (PSM) extraction methods
and their functional properties, supporting the shift toward
plant-based food hydrocolloids. They also verified the use of
PSM in edible films, coating materials, and encapsulating
materials for protecting bioactive compounds and documented
its biological properties as an antioxidant, antidiabetic, and
prebiotic.”” The growing interest in natural ingredients is
evident, with chia seeds being recognised as a mucilage source
with yields of up to 15%" depending on factors such as the
extraction method, pH, the temperature of the extraction
solvent, the seed-to-water ratio, seed origin and genotype, and
mechanical stirring.'*?***

Chia seeds (CSs) hold significant nutritional and therapeutic
value in the human diet>* and are well-known for their soothing
effects in skin care products derived from CSM.** Chemically,
chia seeds are a rich source of proteins (15-25%), oil (30-33%),
carbohydrates (26-41%), minerals (4-5%), and dietary fibre (18-
30%),>* surpassing the nutrient content of whole flours from
quinoa, amaranth, and wheat.> They contain mucilage, a het-
eropolysaccharide® that expands around the seed upon contact
with water.”” Numerous studies on CSM extraction have proved
its effectiveness as a vegan thickener*® and highlighted its
potential to revolutionise the hydrocolloid industry due to its
scalable functional properties for use in food industries.

Non-thermal technologies offer significant advantages over
thermal processing in conserving the flavours and nutrients of
food products.” These techniques are effective in altering the
properties of macromolecules. Recent reviews from across the
world have provided evidence supporting these technologies.
Radhakrishnan et al®® highlighted the benefits of emerging
non-thermal technologies regarding food safety, sustainability,
and quality maintenance, including their ability to operate
without gas emissions and with lower water and energy use. On
the other hand, Lopez-Gamez et al** discussed how non-
thermal technologies affect bioactive compounds and bio-
accessibility in fruits and vegetables. According to Farahnaky
et al.,*” the growing research in non-thermal technologies is
driven by consumer demand for minimally processed foods
with fresh flavour, delicate texture, and improved nutritional
value. The adoption of these technologies in the food industry is
expected to accelerate in the coming decade. Jadhav et al.*
described non-thermal technologies as safe, environment-
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friendly options for food processing, underlining their role in
advancing the field. Jeevitha et al.** noted that these technolo-
gies can preserve organic acids and bioactive compounds
(anthocyanin, antioxidants, flavonoids and B-carotene), though
they emphasised the need for industrial-scale trials, as most
research is still at the laboratory scale.

This review is the first to discuss the use of non-thermal
technologies for extracting CSM and their impact on its
techno-functional properties. It also covers the mechanisms of
CSM extraction and offers future perspectives on selecting
appropriate technologies for large-scale CSM production. This
review aims to update academics, students, and industry
professionals on the latest trends in CSM modification and
extraction methods.

2 Chia seed mucilage and its
composition

Upon hydrating with water (Fig. 1), chia seeds develop
a “mucilaginous gel (polysaccharide)” layer on their outer
skin.">* This mucilage consists of water-soluble sugars and
uronic acid linked by glycosidic bonds.*® The composition of
chia seed mucilage includes a variety of sugars, including
mannose, glucose, xylose, arabinose, galacturonic acid, glu-
curonic acid,” and galactose.®® Mucilage is a natural “poly-
saccharide hydrocolloid” with a distinctive structural
conformation and a wide range of physicochemical properties,
endowed with diverse functional and health-related proper-
ties.'* Incorporating plant seed mucilage into food products has
enhanced insulinemic and postprandial glycaemic responses,
promoted satiety, mitigated hyperlipidaemia, and influenced
gut microbe function.*

Chia seed mucilage (CSM) is a water-soluble fraction of
dietary fibre derived from chia seeds. Its composition varies,
typically containing 0.52-5.17 (%) fat, 48-83 (%) carbohydrates,
and 4.3-25 (%) proteins.*>*”***! However, these values are not

Fig. 1 Chia seed. (A) Seeds, (B) whole dry seed, (C) chia seed with
mucilage and (D) seed layers, endo: endocarp layer; |c: sclereid layer
(adapted from Mufioz et al.?’).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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static and may vary depending on several factors. For instance,
the extraction method, such as cold and hot processes, signifi-
cantly influences CSM's composition. The composition is also
affected by the key steps involved in its extraction such as
hydration, extraction, and recovery.** Additionally, the form of
CSM, whether purified, semi-purified, or non-purified, plays
a crucial role in its composition and techno-functional prop-
erties. Purified CSM lacks proteins, fat, and other components,
whereas semi-purified CSM involves alcohol precipitation, and
crude CSM is unrefined mucilage. The detailed composition of
these forms of CSM (purified, semi-purified, and crude CSM) on
a dry weight basis, the composition of CSM (semi-purified and
non-purified) on a wet basis, along with their monosaccharide
content as well as mineral profile, molecular weight, and colour
characteristics, are presented in Tables 1-4 respectively. The
names of CSM in these tables were taken from the reference
article without making further changes.

2.1 Chemical makeup of chia seed mucilage

CSM is primarily made up of tetrasaccharide repeating units.
These units are composed of (— 4)-B-p-xylopyranose-(1 — 4)-a-
p-glucopyranose-(1 — 4)-B-b-xylopyranose units with a substit-
uent of 4-O-methyl-a-p-glucuronic acid at the O-2 position of
alternate B-p-xylopyranose residues.>* CSM is also characterised
by its diverse sugar compositions, including mannose, xylose,
glucose, arabinose, galacturonic acid, glucuronic acid®” and
galactose.*® Furthermore, it contains planteose, a member of
the galactosyl-sucrose oligosaccharide family, noted for its
health benefits.>® The detailed chemical makeup of CSM is
illustrated in Fig. 2.

2.2 CSM yield

The development of CSM around chia seeds with the contact of
water was confirmed by various scientists with the help of
microscopy and stains. According to Mufioz et al.,”” maximum
thickness (414 £+ 35 um) of mucilage around the seed is visible
after 2 hours of hydration. However, the calculation of yield in
the literature varies depending on the method and formula
used. When selecting the optimal extraction method, yield and
the intended application of the mucilage are important
considerations. Some studies have calculated yield by
measuring the quantity of CSM obtained from the original
quantity of chia seed used in the extraction. Other studies
consider yield by comparing the weight between the mucilage-
free seed, after drying post-mucilage separation and the seeds
before separation. Additionally, yield calculations based on the
dry matter content of the seeds are noted as well. Table 5
presents different ways of representing mucilage yield under
various extraction conditions. It is obvious that extraction
parameters significantly influence the yield, and in dry-
fractionation processes, the sieve size impacts mucilage yield.
A review by Chiang et al* has explained the impact of
temperature, time, water/seed ratio, pH and the method of
extraction on the yield of chia seed mucilage. Even some reports
are available with the use of response surface methodology
(RSM) to understand the impact of these factors on techno-
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Table 2 Composition of CSM (semi-purified and non-purified) on a wet basis®

Semi-purified

Non-purified

Component (%) Chia seed polysaccharide®! CcsSMm™? Ccsm™? csm??
Moisture 5.52 + 0.14 9.60 + 0.18 11.07 £ 0.13 6.49 + 0.25
Crude fat Not detected 1.01 £ 0.02 — 7.32 + 0.86
Total carbohydrates — 73.59 + 0.29 — —

Total protein 14.44 £ 0.14 9.45 £+ 0.07 — 14.45 £+ 0.06
Total ash 7.86 £ 0.38 6.26 + 0.14 7.90 £ 0.11 9.40 £ 0.72
Total neutral sugar 51.85 + 1.26 — — 36.63 + 2.13
Uronic acid 15.84 + 1.12 — 32.8 15.84 + 1.12
Polyphenol 0.58 + 0.01 — — 1.63 £+ 0.07

“ Chia seed polysaccharide and CSM:?' protein as (N X 6.25).

functional properties.”**”*>> Interesting facts revealed from
a review that hydration conditions have more impact on the
yield of mucilage while the proximate composition is affected by
the extraction and recovery method.*” However, a review by
Chiang et al.**> has explained the impact of the literature avail-
able up to 2021. So, in this section, the explanation is focused
on the impact of these factors (hydration ratio, temperature,
pH, and time) on yield with the implication of non-thermal
technologies only. Indeed, a few studies have used non-
thermal technologies along with these parameters, which are
further discussed in the following sections.

2.2.1 Hydration ratio (seed/water). Recently Saporittis
et al.>” have used various ratios such as 1:10,1: 15 and 1 : 20 for
CSM extraction along with the extraction time and temperature
as a factor. This study revealed that extraction yield was higher
at a ratio from 1:20 to 1:15, along with extended extraction
time and temperature. A previous report by Mufioz et al*
defined the major impact of temperature and the seed/water
ratio on the mucilage yield when the hot water & dry-
fractionation method was employed. Orifici et al.>® revealed
that considering 50 °C temperature for extraction and changing
the ratio from 1:7.2 to 1: 24 has raised the CSM yield from 80.3
+ 0.71 to 92.1 £ 0.56 (g kg ' (d.b.)). In the same study,

changing the ratio from 1:12 to 1: 36 has increased CSM yield
at 25 to 75 °C temperature.

2.2.2 Temperature. A study by Campos et al.,** who used
the dry-fractionation method along with the ratio (water : seed
ratio of 10: 1-30: 1), stirring time (2-4 h), and temperature (30-
80 °C), confirmed that the impact of these independent vari-
ables on yield follows the order of extraction temperature >
water : seed ratio > extraction time. This study confirmed that by
fixing a 1:30 ratio, a higher yield can be derived at a higher
extraction temperature (80 °C) and shorter extraction time.
Regardless of the hydration ratio, the yield percentage increased
from 20 to 80 °C during the temperature shift.*” Higher
temperature gives more mucilage yield as the viscosity of the
mucilage is reduced and affects the stickiness of the seeds.*®
Elevated temperature leads to higher and faster mass transfer of
water-soluble polysaccharides from the cell walls into the
extract.”® This facilitates the release of mucilage and increases
the yield of mucilage.”®* Other researchers also studied the
impact of temperature as a potential variable affecting the
mucilage yield.***” The use of non-thermal technologies for
mucilage extraction, such as ultrasound with different ampli-
tudes and parameters at controlled temperatures, may exhibit
different phenomena for mucilage extraction. This will give

Table 3 Monosaccharide composition of CSM (purified, semi-purified, and non-purified)

Purified Semi-purified Non-purified
csm*®
Chia Soluble fraction Insoluble fraction
Component (%)  Chia seed gum*** polysaccharide®® CSM>? (35.0 £ 2.1%)  (64.0 + 3.2%) csM*  csm¥  csm*® csm??
Xylose 385 £2.4 11.0625 36.15 £ 0.15 11.0 = 0.8 28.0 £ 2.2 27.8 63.07 43.1 9.1556
Fucose — — — — — — — 0.5 —
Glucose 19.6 + 3.2 0.8786 20.46 £ 0.16 82.0 & 3.5 42.0 £ 2.4 26.6 5.88 6.3 4.394
Arabinose 9.6 + 1.8 4.9806 — 1.0 £ 0.1 23.0 £ 1.1 11.5 9.80 41.8 3.3703
Galactose 6.1 £1.7 1.2029 6.70 = 0.07 4.0 £ 0.2 3.0 £ 0.1 1.4 3.16 7.8 3.7045
Rhamnose — — — — — — — 0.5 —
Mannose — 0.0947 4.09 £ 0.01 3.0+ 0.4 3.0 £ 0.1 — 1.20 0 0.1211
Glucuronic acid 18.7 £ 2.1 3.6196 — 0 ~1 — 13.72 — 3.1257
Galacturonic acid 5.3 £ 1.1 0.0858 — 0 — — 3.58 — 0.14
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Non-
Semi-purified purified
Chia polysaccharide CSM (heat and Chia
Component (purified)**** ultrasound)*® polysaccharide*®  CSM*® csm*!
Mineral (mg/100 gm)
Potassium — — 1635.00 + 7.07 — 3050.00 +
0.00
Phosphorus — — 255.00 + 4.24 — 601.50 +
7.78
Magnesium — — 530.50 + 2.12 — 481.50 +
0.71
Calcium — — 644.00 + 4.24 — 472.50 £
2.12
Iron — — 8.60 + 0.13 — 5.63 + 0.22
Zinc — — 0.84 + 0.01 — 1.24 £ 0.01
Copper — — 0.52 £ 0.01 — 1.07 £ 0.01
Molecular weight (Da) 2.3 x 10° — — 49+02x —
10°
M,, (g mol ") weight-averaged molecular — — 1.718 x 10° — 3.985 x 10°
weight
M, (g mol ") (number-averaged molecular — — 4.883 x 10* — 3.463 x 10°
weight)
MMy — — 3.519 1.02 £0.05 1.151
L* 85.7 + 1.4 21.23 £0.24to 3842 £ — — —
0.68
a* 0.67 £ 0.10 1.90 + 0.03 to 4.26 + — — —
0.02
b* 8.5 £ 0.9 5.77 £ 0.06 to 10.85 £ — — —
0.07

“ L*: lightness, a*: red/green coordinate, and b*: yellow/blue coordinate.

future research directions for a higher yield of mucilage with
reduced temperature using non-thermal technologies.

2.2.3 pH. A study by Muiioz et al.*” provided evidence for
the impact of pH on the extraction yield. Studying the impact of

pH ranging from 4 to 8 showed a reduction in mucilage yield
when pH shifts from alkaline to acidic along with the other
studied variables during hot water-based extraction. However,
the study could not provide a direct explanation, but it was later
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Fig. 2 Illustration of the chemical structure of major polysaccharide fractions in crude plant seed mucilage. Part (a) displays the pectic poly-
saccharide fraction of CSM, highlighted using ruthenium red staining, whereas part (b) depicts the hemicellulose fraction of CSM, marked with

methylene blue staining. This picture is adapted from Soukoulis et al.**
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determined that CSM has an anionic character. Under alkaline
conditions, CSM attains maximum negative charge, which
supports the solubility of CSM in the extraction medium due to
the enhanced ionization of the carboxyl groups in uronic
acids.**** This phenomenon is also considered while studying
the solubility of CSM at various pH along with the iso-electric
point of proteins in CSM.

2.2.4 Time. According to Mufoz et al.,” after 2 h of
hydration, chia seeds attain maximum constant weight and
water absorption is completed. In a later year, the report from
Salgado-Cruz et al.®® suggested that, understanding the kinetic
release of mucilage around the seeds, no more growth of
mucilage was visible after 30 minutes of hydration. Some
reports have mentioned the impact of solely hydration time and
as a combined contributing factor with other variables. The
effect of time on yield was more pronounced at higher
temperatures observed by Campos et al.>® RSM-based analysis
by Orifici et al.,*® who studied the impact of hydration time (1, 2,
and 3 h) at 60 °C with 1:40 (seed : water ratio), confirmed an
increase in yield along with the increase in hydration time and
reduction at 3 h of hydration. Furthermore, other researchers
also used 2 h of hydration for their work.>">7?$40435161 Tt g
interesting to study the mechanism of reduction of mucilage
yield at higher hydration time with increased temperature in
the future.*® According to the reports of Saporittis et al.,*” along
with an increase in extraction time from 30-210 minutes, using
a magnetic stirrer followed by 3 minutes of UAE has signifi-
cantly affected the yield of mucilage. However, it was revealed
that at lower extraction time, the yield was independent of the
temperature, but along with an increase from temperature 25—
65 ©°C, yield became more temperature dependent while
extracting mucilage with ultrasound (3 minutes of treatment
time).*” Longer stirring time, along with higher temperature,
also affects the apparent viscosity of the mucilage, and modi-
fying its molecular structure also impacts the apparent
viscosity.'>**%> While considering better methods for higher
mucilage yield from the literature, it is important to consider
the impact of yield calculation, the impact of pH, hydration
ratio, temperature, hydration time, method of separation, and
the variety of chia seeds.

2.3 Extraction of chia seed mucilage (CSM) through
traditional techniques

The extraction process of CSM involves three main steps: (i)
hydrating the seeds, (ii) extraction of the mucilage, and (iii)
recovery of it.** This process also includes defatting and
deproteinization to purify chia seed polysaccharides. The yield
of CSM varies between 1.2 and 15%, with hydration conditions
being a key factor. These hydration conditions greatly influence
mucilage yield, and subsequent extraction and recovery steps
affect CSM's chemical composition.*” Hydration of chia seeds
involves various parameters, such as the chia seed: water ratio
(e.g., 1:10, 1:20, 1:30, and 1:40),>**” temperature (ranging
from 4 to 80 °C),?””® hydrating or stirring time (from 30 minutes
to 24 h),*® pH of the hydrating medium (4-8)*” and stirring
speed. As per Muiioz et al.,”” 2 hours of hydration is typically

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 General process for extraction of CSM (modified from Chiang et al.*?).

sufficient for water as evidenced by their constant seed weight.
However, hydration times reported in the literature vary widely
(2 to 24 hours)**?*7*7* with no clear consensus. Studies found
that hydrating chia seeds at a 1: 40 ratio (seed : water) at 80 °C
and pH 8.0 for 2.5, 3, and 3.5 h insignificantly affected the total
exudative mass,’* aligning with the findings of Mufioz et al.,””
for a 2-hour hydration period.

The extraction method impacts the yield of chia seed muci-
lage.*> Various mechanical instruments, such as depulpers and
mixers, are employed to shear the hydrated seeds and separate
the tightly bound mucilage. This process results in a two-phase
mixture of mucilage and seeds”™ due to density differences.
Other techniques to remove the mucilage include ultrasound,
centrifugation, hand-pressed mesh/screens, and filtration. The
purification process typically involves adding n-hexane and
ethanol to remove non-polysaccharide compounds from the
mucilage.*" Specific extraction methods are described in further
detail below in Fig. 3.

2.3.1 Hot water-based extraction. Extracting mucilage from
chia seeds often involves hot water-based extraction. This
method has shown that using hot water at higher temperatures
can reduce the viscosity of mucilage fibre and increase its
solubility, thereby enhancing the mass transfer rate of these

© 2024 The Author(s). Published by the Royal Society of Chemistry

mucilage fibres. Consequently, mucilage fibres can be more
effectively released from chia seeds, leading to higher yields.*

For instance, mucilage fibres were more dispersed on the
surface of the chia seeds hydrated at 80 °C compared to those
hydrated at 50 °C. This supports the effectiveness of hot water
extraction.*

Mufioz et al.*” achieved a yield of 6.97% yield of CSM using
a1:40 seed-to-water ratio, a pH of 8, and hydration at 80 + 1.5 ©
C for 2 h (temperature), followed by drying at 50 °C for 10 hours.
They found the extraction yield (1.09%) of mucilage at 50 °C (60
minutes) to be significantly lower than the yield at 80 °C
(1.86%).** Other researchers have adapted these hydration
conditions, applying additional methods to separate mucilage.
For example, Felisberto et al.”* combined the hot water extrac-
tion method with mechanical separation and freeze drying to
obtain 7.86 g of mucilage per 100 gm of chia seeds. The process
of hot water-based extraction, followed by dry fractionation and
centrifugation, is summarised in Table 5.

2.3.2 Chemical extraction. Ethanol is another agent used in
the purification of chia seed mucilage. By adding ethanol, the
polarity of the solvent is reduced, aiding in the precipitation of
mucilage.” da Silveira Ramos et al.>® extracted 7.9% CSM by
hydrating the seeds (seed : water 1 : 30 ratio) in hot water at 80 °

Sustainable Food Technol., 2024, 2, 993-1010 | 1001
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C for 30 minutes, then filtering through nylon cloth and
precipitating with ethanol (3 : 1 v/v), followed by oven drying at
40 °C for 24 h. Various methods for CSM extraction have been
employed depending on the intended use of the mucilage.
Timilsena et al.*® used sodium carbonate for extraction. They
extracted oil from ground chia seeds and mixed the defatted
chia seed flour (meal) and then mixed it with a 0.5 M NaHCOj3
solution containing 0.02% w/v of sodium azide at a 1: 10 ratio.
After stirring for 18 h at room temperature, the mixture was
filtered and washed with water (5 x 100 mL) to remove residual
mucilage, resulting in flour ready for protein isolate extraction.

3 Potential of using non-thermal
technologies for mucilage extraction

Several researchers have developed an alternate method to
extract mucilage from chia seeds. This method involves a series
of steps: defatting, hydrating, solubilizing, filtering, dehydrat-
ing, and grinding the seeds.”® Notably, supercritical fluid
extraction technology (SFT) was used to remove oil from chia
nutlets (both whole and crushed) under specific conditions (at
80 °C, 450 bars for 40 min of dynamic extraction with a CO, flow
rate of 1.8 g min~'). This method was compared to traditional
Soxhlet extraction, examining the resultant functional proper-
ties. Results showed that whole nutlets treated with SFT yielded
more chia seed gum than those processed by Soxhlet extraction,
examining the resultant functional properties. Results showed
that whole seeds treated with SFT yielded more chia seed gum
than those processed by Soxhlet extraction.” For crushed seeds,
gum yields were similar with both methods. Nevertheless, the
choice of oil extraction technique impacted the functional
qualities of the gum. Gum from whole seeds extracted via
SFT demonstrated superior water-holding capacity (WHC) and
water adsorption, along with notable oil-holding capacity.
These findings imply that such sustainable technologies
can effectively produce essential ingredients for the food
industry.

Various separation methods, such as dry fractionation,
pressure-based separation, vacuum filtration, and centrifuga-
tion, are mentioned as prominent separation techniques. A
higher number of reports are available with the use of centri-
fugation (low and high speed) as a separation technique to
derive seeds or mucilage based on their objective of the study.
Centrifugation is a technique for separating molecules with
different densities by rapidly spinning them in solution around
an axis (in a centrifuge rotor).”” It is a method to separate solid-
liquid or liquid-liquid compounds that differ from each other
in their density using centrifugal acceleration.”® In CSM
extraction, centrifugation was used to protect the natural
molecular structure of the biopolymer, which affects the func-
tional properties of the mucilage.”® Centrifugation is a simpli-
fied extraction method, easy to apply in industry and less time-
consuming as it combines the extraction and purification of
CSM. Mainly, centrifugation was employed to extract both
soluble and non-soluble gel fractions.”® In a study, Briitsch
et al.”® hydrated chia seed in water (1:20 ratio) at 25 °C for 2
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hours under continuous stirring using a magnetic stirrer for
complete hydration. Centrifugation was carried out at 6600g for
50 minutes and produced three different layers in the tubes (top
layer-seeds and excess water including some of the soluble
polysaccharide fraction, the middle layer-mucilage, the bottom
layer-chia seeds).>® This mucilage was further stabilized using
a drying method, such as oven drying, rotary evaporation, or
freeze-drying.”® Similar observations of three different layer
formations during centrifugation were confirmed by the other
researchers.'>?"3%576479 A recent report, which used ultrasound
and centrifugation, again explained the formation of two
different phases (opaque and translucent phase) but correlated
the ratios of translucent to opaque with the initial seed:water
ratio during extraction and its impact on apparent viscosity.””
This also provided new insights about the direction for future
optimization with non-thermal technologies. The yield of
mucilage also differed upon mixing both phases and discarding
the transparent phase after centrifugation. Apart from these,
centrifugation was utilized by various researchers to separate
the tightly bound mucilage from the seeds alone or in the
company of vacuum filtration,**1>16:26.28,41,57.728081 Qther tech-
niques include vacuum filtration,”***** brush depulper and
then filtering through a 0.85 mm screen™ or 35/CM-876 finisher
pulper with a stainless-steel wire mesh with 0.26 mm aper-
tures,® controlled pressing®' etc.

Furthermore, non-thermal methods such as ultrasonication,
cold plasma, microwave, and pulsed electric field are increas-
ingly explored for extracting mucilage from chia seeds. These
methods align with the concept of green technology.

3.1 Ultrasonication

Ultrasound is an eco-friendly extraction technology based on
the cavitation phenomenon. This process involves the forma-
tion, growth and explosive collapse of air bubbles in a liquid.?*
This collapse enhances the mass transfer of compounds,
produces high shear forces in the extracting agent® and
increases solubility by stressing and deforming the cellular
structure.®* The process allows the creation of microchannels as
bubbles collapse, further aiding mass transfer. The accompa-
nying increase in temperature, turbulence, and mixing due to
cavitation enhances the extraction efficiency.** These dynamics
facilitate the breakdown of the matrix holding the desired
product, promoting its transfer into the solvent.”* The impact of
different times of ultrasonication is shown in Fig. 4.

In chia seed (CS) extraction, ultrasonication produces
microjets that target specific seed structures, enabling efficient
mucilage separation.” Urbizo-Reyes et al.”® used this method,
combined with vacuum-assisted filtration, to extract chia seed
mucilage (CSM). The process involved initial hydration of the
seeds (1:20 ratio by weight for 24 h under refrigerated condi-
tions), followed by pre-heating to 55 + 2 °C and then ultra-
sonication (5 min) at a 75% power input (amplitude 90 pm)
using an ultrasonic cell disruptor. Using a double-walled beaker
connected to an immersion circulator control water bath, the
temperature was kept constant (60 = 4 ©°C) during ultra-
sonication (Fig. 5).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Optical microscopy images of chia seed mucilage extract using ultrasonication. Optical microscopy images of chia seed extract without
sonication and with sonication for 10 s, 30 s, 1 min and 3 min at (A and B) a seed : water ratio of 1: 20, temperature 65 °C and time 210 min, and (C
and D) seed : water ratio of 1: 10, temperature 45 °C and time 60 min. (A and C) Magnification 40x; (B and D) amplified sections of the original
images. These images, magnified and zoomed in, are adapted from Saporittis et al.>”

Further separation was carried out using vacuum filtration.”
This method yielded significantly more CSM (7.65%) compared
to oven drying (3.65%) and freeze-drying (4.21%). Wang et al.*®
combined ultrasound and heat to extract CSM, achieving higher
yields (6.92-10.52%) than with heat alone (1.03-1.86%). Simi-
larly, Castejon et al.*® used ultrasonication (30% of maximum
ultrasonic power) on hydrated (1 : 40 seed-to-water ratio for 2 h
with constant stirring) and heated (50 °C) chia seeds for 3 min
followed by centrifugation (4000 rpm for 20 min), noting the
impact of high temperature during sonication on seed and
mucilage interaction. They reported a 6.52% yield of CSM and
recommend controlled temperature-based extraction between
37 and 40 °C for optimal results.

Conversely, Silva et al.*®> observed lower yields using room
temperature ultrasonication (for 3, 10, and 30 minutes) on
hydrated chia seeds [1:30 (seed : water) for 3 hours], followed
by separation centrifugation and freeze-drying. The reduced
yield was 3.35% (3 min), 2.34% (10 min), and 3.68% (30 min)
attributed to the loss of soluble components during the process.
This method resulted in different protein contents compared to
other room-temperature extraction methods.

In another study, ultrasound was utilized,*® presenting an
alternative to basic and acidic media for mucilage extraction,
which could negatively affect the demucilaged seeds and the
quality of the subsequently extracted oil, particularly omega-3
PUFA. The study achieved a 6.52% =+ 0.08 yield of mucilage
after 2 h of hydration at 50 °C, followed by 3 minutes of

© 2024 The Author(s). Published by the Royal Society of Chemistry

ultrasonication, indicating that ultrasonication can enhance
mucilage yield without harsh effects on the demucilaged seeds.
Furthermore, pressurized liquid extraction of ultrasound-treated
seeds yielded effective results in oil extraction from chia seeds.®®

3.2 Cold plasma

Cold plasma, recognised as the fourth state of matter, is
a partially ionized gas formed when sufficient energy is applied
to a neutral gas or combination of gases. This process generates
various reactive species such as ions, electrons, and radicals.®”
Recent advancements in plasma physics engineering have
shown that generating cold plasma at atmospheric pressure is
both cost-effective and straightforward, making it applicable for
treating solid and liquid food ingredients. Popular methods
include plasma jets and dielectric barrier discharge configura-
tions, chosen for their simple design, scalability, and ease of
implementation.®® Cold plasma is increasingly utilised in food
processing for diverse purposes, such as microbial disinfection,
enzyme deactivation, breakdown of allergens or pesticides, and
enhancing nutritional values.*® The effectiveness of cold plasma
treatment depends on various factors: treatment duration, gas
type, frequency, voltage, and electrode spacing, which influence
the reactive substances produced.”® One specific application
involved using a cold atmospheric pressure plasma jet on CS,
with argon as the working gas. Treatments lasted 30, 60, and
120 seconds.”” Mucilage extraction from CS was performed
through dry fractionation of freeze-dried and soaked seeds,** as
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2. Ultrasound treatment, wave
amplitude 90 pm, temperature
60°C+4°C , time: 5 min.

1.The chia seed were soaked
in dd water (1:20)
for 24 h.

Fig. 5

[~]

3. Vacuum-assisted
filtration.

4. Freeze drying of chia
seed mucilage.

Chia seed mucilage
solution

Chia seed without
mucilage

(A) Ultrasonication and vacuum-assisted separation of CSM, (B) ultrasound and vacuum-filtration separated clean seeds, and (C) ultra-

sound and centrifugation separated seeds (adapted from Urbizo-Reyes et al.”).

well as centrifugation followed by oven drying.** While the yield
of mucilage was not specified, notable changes were observed in
its functional properties. FTIR revealed the crosslinking of
polysaccharides upon the use of argon gas in cold plasma.
Crosslinking in the polysaccharide chains of CSM enhanced
resistance to deformation and improved elasticity and viscosity
of the gel due to a stronger polymer network. These alterations
suggest potential new uses for this gum in food applications.

3.3 Microwave-assisted extraction (MAE)

Microwave-assisted extraction is an increasingly popular
method that offers more efficient extraction than conventional
techniques. This method involves transmitting microwaves,
which can permeate biomaterials and heat them by interacting
with polar molecules such as water. This interaction allows
microwaves to heat the material up to a certain depth
uniformly.

1004 | Sustainable Food Technol., 2024, 2, 993-1010

Essentially, the process operates on the principle of ionic
conduction and dipole rotation induced by microwaves, leading
to heat generation. This heat creates pressure on the cell wall,
resulting in the breakdown of cell constituents into the extrac-
tion solvent, thereby enhancing yield.** A notable example is the
successful use of MAE in extracting mucilage from Opuntia ficus-
indica cladodes® and chia seeds.”

Specifically, Sameera and coworkers® applied MAE for CSM
extraction, achieving an 8% yield. The process involved
hydrating the seeds at a 1:40 seed:water ratio, heating in
a microwave at 1.3 W gm ™' until reaching 80 °C (~15 minutes)
and then stirring at room temperature for 30 minutes. The
microwave-treated sample underwent filtration and was dried
in a hot air oven at 50 °C for 12 to 14 h. However, this is the only
study that has reported on microwave-assisted extraction of
CSM. Additionally, MAE has been successfully applied in
extracting mucilage from flaxseed.***®

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fb00074a

Open Access Article. Published on 05 June 2024. Downloaded on 1/13/2026 5:16:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

3.4 Pulsed electric field (PEF)

Pulsed electric field (PEF) processing utilizes brief, high-
intensity electric pulses ranging from nanoseconds to micro-
seconds. A PEF system involves two electrodes connected to
a high-voltage electric field source, typically ranging from 5-50
kv em™ !, and a food matrix is positioned between these elec-
trodes. The food matrix is exposed to several (1-1000) short
pulses from microseconds (us) to milliseconds (ms) at specified
frequencies (Hz). The amount of specific energy inputs (k] kg™")
delivered varies based on factors such as electrode dimensions,
electric field strength, pulse width, frequency, treatment period
and many other factors.””

A PEF leads to “electroporation” that increases the perme-
ability of cell membranes either in animal or plant cells. This
effect benefits diverse fields, including biotechnology and
medicine for cell substance delivery, cell fusion, water treat-
ment, and food processing for pasteurisation and structure
modification that enhances pressing, extraction, drying, and
diffusion.”® Research also indicates its effects on the starch
digestibility of oat flour” and modifications in the technolog-
ical and structural properties of vegetable protein concentrates
(pea, rice, and gluten);'® whey protein isolates'®* and soy
protein isolates.'® The PEF has also been effective in protein
extraction and the generation of peptides.® It offers non-
thermal methods of food preservation'* and is reported to
alter the thermal stability of pectins'® and the physical and
biochemical properties of chitosan'® and tapioca starch.'”
While its effects on chia seeds remain unexplored, it is
hypothesised that electroporation may aid in mucilage separa-
tion from chia seed when various energy inputs are applied,
with subsequent separation techniques such as centrifugation
and lyophilization for mucilage recovery while preserving its
fibrous structure.

4 Effects of non-thermal processing
on the physical and functional
properties of CSM

4.1 Ultrasonication

The extraction and recovery of CSM significantly affect its
physical and functional properties. While commonly described
as milky white, CSM's colour varies with different extraction
methods. Wang et al.** found that CSM extracted using ultra-
sound and heat displayed a darker colour than that by other
methods. This method resulted in lower lightness compared to
heat extraction alone. However, ultrasound extraction from
Salvia macrosiphon seeds suggests that parameter optimisation
is crucial. High ultrasound intensity alters the molecular and
rheological properties,'® increases non-polysaccharide compo-
nents, reduces lightness, and affects the consistency of hydro-
colloid solutions from S. macrosiphon seeds, as compared to
milder conditions.'*®

Saporittis et al.®” examined the effects of chia seed : water
ratios (w/v) (1:10, 1:15, and 1:20), extraction temperatures
(25-65 °C), and magnetic stirrer durations (30-210 minutes)
followed by 3 minutes of ultrasonication on yield and apparent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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viscosity. They found that optimal yield and viscosity were
achieved with a 1: 10 seed: water ratio, 25.3 °C temperature, and
53.7 minutes of extraction. Conversely, for minimal viscosity
and maximal yield, the parameters differed: 1 : 20 ratio, 48.8 °C,
and 208.4 minutes. This demonstrated that the rheological
properties of CSM vary with extraction methods.

Silva et al.** compared ultrasound-treated CSM (3, 10, and 30
minutes) with 3 h of mechanical stirring to untreated samples
(3, 4.5, and 6 h of mechanical stirring at room temperature).
They observed that prolonged stirring and ultrasonication
affected the apparent viscosity (n1100 s~ ') and consistency index
(k) of CSM dispersions. Thirty minutes of sonication reduced
viscosity by one-third compared to other samples. Longer stir-
ring times have reduced the fibrillar aggregates, while pro-
longed ultrasonication affected the carbohydrate content. Wang
et al.*® also noted a decrease in carbohydrate content when heat
and ultrasound were applied at high temperatures and for
extended periods for CSM extraction, which further affected
mucilage solubility and other functional properties. Extreme
conditions also lowered the water-holding capacity (WHC) of
CSM, though the oil-holding capacity (OHC) remained
unchanged. Additionally, the emulsion stability index (ESI)
decreased due to carbohydrate degradation from high heat
ultrasonication. Such treatments produced gels with more
Newtonian-like behaviour and reduced viscosity.*

The viscoelastic behaviour of CSM was also affected by stir-
ring time and ultrasonication duration. Extended ultra-
sonication resulted in CSM with lower G’ values, especially at
lower frequency values. More fragile structures emerged under
intense ultrasonication, whereas longer stirring times yielded
more elastic and resistant structures, likely due to the more
heterogeneous structures formed through ultrasonication,
separating fibrils from aggregates compared to untreated
samples.™

4.2 Cold plasma

Limited research, specifically two studies, explored the effects of
cold plasma on chia seeds and the functional properties of CSM
recovered via freeze-drying®> and oven-drying® methods. These
studies demonstrated that treating chia seeds with cold plasma
for 30, 60, and 120 seconds and subsequently extracting muci-
lage using the dry fractionation technique led to a decrease in
the CSM's lightness and an increase with prolonged treatment
durations. This effect is likely due to the interaction of reactive
plasma species (e.g., H', H;0", O', and OH") with the chia
seeds, triggering various chemical reactions. Notably, the
Maillard reaction, encompassing both enzymatic and non-
enzymatic browning, became more susceptible during cold
plasma treatment, as the temperature reached 60-70 °C, even
for brief processing periods (<120 s).°> Another study confirmed
similar findings by treating chia seeds with cold plasma, fol-
lowed by hot water extraction and oven drying, and then dry
fractionation. The research noted a decrease in lightness and
increases in a* (red-greenness) and b* (blue-yellowness) values,
indicating the high energy plasma's impact on protein surfaces,
causing unfolding. This unfolding led to the activation of the
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protein surface, increasing free amino acids, which then reac-
ted with sugars, facilitating Maillard reactions by providing the
necessary energy.”*>

It was also noted that the duration of cold plasma treatment
adversely affected the solubility, WHC, and OHC of the CSM. The
reduction in solubility was attributed to a decrease in free OH
groups, essential for hydrogen bonding with water, enhancing
solubility. Furthermore, a decrease in uronic acids, which
contribute to CSM's solubility, and the formation of insoluble
compounds at elevated temperatures during extraction were also
contributing factors.” The WHC reduction was similarly linked
to the reduced presence of free OH groups. Interestingly, the
emulsion capacity and stability remained constant in cold
plasma-treated samples compared to controls. Structural
changes in cold plasma-treated chia seeds were confirmed
through scanning electron microscopy (SEM), revealing laminar
plate aggregates in the hot water-extracted CSM pre-treated with
cold plasma. These structural changes, attributed to condensa-
tion and prolonged treatment,” resulted in a more compact
structure. Conversely, cold extraction maintained a smoother
surface, influencing the rheological properties of CSM.

Fourier-transform infrared spectroscopy (FTIR) analyses
confirmed cross-linking in CSM caused by cold plasma,
particularly when using argon gas. This process correlated with
reduced OH group absorbance due to cross-linking.’* This trend
was not seen in CSM extracted cold from cold plasma-treated
seeds,” where cold extraction facilitated more OH group
incorporation, stabilising structures. Cold extraction enhanced
the OH absorbance peak compared to hot extraction.®> More-
over, the choice of working gas in cold plasma, such as argon,
plays a crucial role in the oxidation reaction or cross-linking.**
Excitation of argon atoms via high energy electrons can lead to
dehydration or cleavage between polymeric chains (C-OH),
primarily at the C-2 site, forming new C-O-C linkages."*

The rheological properties of cold plasma treated CSM
indicated increased viscosity with longer treatment times
compared to control samples, likely due to cold plasma gener-
ated reactive species.”> The increase in viscosity aligned with
reduced solubility, as cold plasma could enhance hydrophobic
over hydrogen and electrostatic interactions. The pseudoplastic
behaviour of CSM post cold plasma treatment suggested
increased intermolecular interactions, improving food texture®*
and mouthfeel during mastication. Cold plasma treatment for
60 seconds was found to reduce yield stress, possibly due to
polysaccharide chain depolymerization and intermolecular
cross-linking. These findings provide potential applications for
cold plasma as an eco-friendly technology for depolymerizing
food waste and by-products.”* Nonetheless, this trend was not
observed in CSM derived via cold extraction from cold plasma-
treated seeds, indicating that cold extraction promoted more
intermolecular linkage,”” leading to stronger gel structures
induced by cross-linking. However, depolymerization was
observed to create weaker gel structures, hindering cross-
linking. CSM from seeds treated for 120 seconds exhibited
higher modulus values, contributing to gel elasticity,** a trait
also observed in cold-extracted CSM.**
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4.3 Microwave-assisted extraction (MAE)

Research on microwave-assisted extraction of CSM is limited,
presenting a chance to investigate its potential in hydrocolloid
extraction from plants. Sameera et al.®> employed microwaves
for extracting CSM, applying it in biscuits as a fat replacer.
CSM's without using alkaline water. This method yielded results
similar to those of traditional hot and cold extraction
processes,*»*** although CSM's functional properties were not
examined. The viscosity of the microwave extracted CSM
matched that reported in earlier studies.

CSM exhibits properties akin to those of basil seed mucilage.
Recent research has focused on using microwaves for extracting
basil seed mucilage (Ocimum basilicum var. album (L.)),
comparing its yield and functional properties with those by
conventional techniques."*""* Such studies have demonstrated
the effectiveness of MAE in enhancing basil seed mucilage's
functional qualities®® such as improved emulsion stability,
water absorption capacity, foaming stability, and comparable
foaming capacity to conventionally extracted basil seed muci-
lage. MAE-extracted mucilage displayed a more porous struc-
ture under SEM, leading to increased water absorption and
quicker gelation compared to conventional methods."*

Keisandokht et al.*'* also explored the extraction of basil
seed polysaccharide using MAE, finding it more efficient than
the conventional heat stirring method in terms of yield and
extraction time. The pH levels where MAE was most effective
were 4 and 11, surpassing the conventional method. MAE-
extracted mucilage's higher viscosity and the degradation of
functional groups in the heat stirring method suggest that MAE-
extracted mucilage was superior to conventionally extracted
mucilage. The viscosity and viscoelastic behaviour of MAE-
extracted mucilage were superior to those of conventionally
extracted mucilage. This positions MAE as a promising and
efficient technique for hydrocolloid production, particularly
from basil seeds.”" The research gap in this field presents
further opportunities for exploration.

5 Applications of CSM in food
products

CSM has been widely applied in the food industry, serving
various functions such as a fat replacer, stabilizer, and emul-
sifier in diverse food products. The use of CSM in the food
sector was comprehensively reviewed by Chiang et al.,** which
includes application in cake, bread, cookies, dairy products (ice
cream and yoghurt), mayonnaise, sausage, pasta, etc. Soukoulis
et al."* discussed the combined usage of plant seed mucilage
and CSM in products such as bread, cake, pita bread, ice cream,
emulsions, edible filmm, and CS oil-enriched nanoparticles.
Senna et al.*** recently highlighted the feasibility of chia seed
ingredients, including CSM in meat analogues. Lira et al®
reviewed the incorporation of CSM in soy-based desserts, wheat
bread, pita bread, and cookies. Fernandes et al.'** focused on
CSM as a carrier in emulsions, encapsulations, coatings, and
films, noting its role in retaining hydrophilic compounds when
mixed with alginate."**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The development of edible coatings from CSM, chitosan, and
levan (a naturally occurring fructan present in many plants and
microorganism) based composites has been effective in
preserving the postharvest freshness of sweet cherries, extending
their shelf life," and maintaining the physical and chemical
integrity of tomatoes during storage."® CSM's role in packaging
films"” has been noted for preserving the flavour, aroma, sweet
taste, homogeneity, and shine of passion fruit nectar'*® and
extending the shelf life of perishable mushrooms when used with
essential oils.'”® Its potential in dysphagia management was
explored through soup preparation, aiming to tailor products for
dysphagia patients modifying their textural, rheological, visco-
elastic, and sensory attributes, as well as their characteristics
during oral processing characteristics.® The mixture of CSM and
levan has also been effective in preserving the antibacterial
properties of nanocomposite carbohydrate polymer films, with
applications in industrial and medical fields."* Barazandegan
et al."** briefly discussed CSM's role as a prebiotic and fat replacer
in the baking industry, dairy industry, and meat industry. Addi-
tionally, CSM has been utilised in fast-dissolving tablets'** and
characterized for its versatile roles in the food, cosmetic and
pharmaceutical industries.*

6 Future perspectives in the
application of non-thermal
technologies

Non-thermal technologies are emerging as pivotal in ensuring
food safety and extending shelf life, significantly transforming
the food processing sector.'*® These technologies are effective in
terms of nutritional value and freshness and utilise by-products
from various sources. They offer a substantial, chemical-free
alternative to traditional heat treatments. Research can be
directed towards the effects of these non-thermal technologies
on deoiled chia seed flour, particularly focusing on chia seed
mucilage. It is essential to validate the presence of bioactive,
phenolic, and flavonoid compounds in CSM obtained through
these methods. Exploring the functional properties of CSM,
extracted via non-thermal and conventional methods, and its
potential uses in the food industry is another area of interest.
This research may also reveal how non-thermal technologies
alter the digestion patterns of CSM, providing new directions
for future studies. Adopting suitable non-thermal and drying
technologies can mitigate the negative effects of food process-
ing and ingredient development on the environment, energy,
and economy.** Overall, the full potential of these technologies
remains largely unexplored and could be further revealed by
optimizing extraction parameters in future studies.

7 Conclusion

This review has detailed the impact of non-thermal technolo-
gies employed in the extraction process of CSM. When
combined with centrifugation, these technologies offer a means
to avoid oxidative damage to seeds without relying on dry-
fractionation methods. It has been established that non-
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thermal technologies are preferable to thermal treatments due
to their ability to maintain the integrity of the hydrocolloid,
thereby broadening its potential applications. This is because
the quality of CSM is influenced by many factors, ranging from
its hydration to the chosen recovery method. Additionally, the
rheological properties show variation across different non-
thermal technologies. Hence, before scaling up these technol-
ogies for commercial use, it is crucial to prioritize process
optimization, particularly to achieve more efficient utilization
of water and energy during the extraction process.
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