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A major concern in the food industry is the use of non-renewable, petroleum-based materials and its
detrimental impact on the environment. Consequently, there has been a growing interest in the use of
biopolymers in food packaging and other applications due to their renewable origin and biodegradable
properties, benefit.
heteropolymers, which are associated with lignocellulose cell walls of vegetative and storage tissues of
immense renewable resource of biopolymers.

which have a positive environmental Hemicelluloses are biodegradable
annual and perennial plants. They represent an
Hemicelluloses are the second most abundant component of lignocellulosic biomass, and they are
comparatively underutilized in industrial applications, even though it is a main by-product or residue in
the lignocellulosic biomass processing. Therefore, it is important to include hemicellulose valorisation
through the biorefinery concept to promote a Sustainable Bioeconomy (SBE), Circular Bioeconomy
(CBE), and Circular Economy (CE). Extraction procedures on different plants have enabled the isolation
of a diversity of hemicellulose structures with different yields and purities. However, compared to other
biopolymers, their commercial uses have been underscored by their low yields, hydrophilicity, and low

mechanical strength. While the applications of pure hemicelluloses are limited in the food industry, the
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Accepted 1st July 2024 use of hemicellulose composites as edible films, coatings, preservatives, fillers, and emulsifiers, is more

promising. This review summarizes the current applications of plant hemicellulose biopolymers in the

DOI: 10.1035/d4fb00035h food industry and future perspectives in the advanced bioeconomy and value chain of chemicals and

rsc.li/susfoodtech materials as well as ways of mitigating the challenges associated with their use.

Sustainability spotlight

The food industry generates up to a third of annual greenhouse gas (GHG) emissions worldwide, with food loss and waste accounting for half of these emissions.
The valorization of hemicellulose in biorefineries from lignocellulosic biomass can help promote a circular bioeconomy and reduce GHG emissions. Hemi-
celluloses can be used in the food industry to create biodegradable packaging alternatives that can also help preserve the shelf life of food and reduce wastage.
Hemicelluloses are also being explored in the manufacture of plant-based alternatives to meat, which can help reduce GHG emissions from the meat industry.
These topics, which are aligned with the United Nations Sustainable Development Goal 12, are discussed in this review.

1. Introduction
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anthropogenic greenhouse gas (GHG) emissions annually, with
half of these emissions resulting from food loss and waste
(FLW).* Consequently, the United Nations Sustainable Devel-
opment Goal (UN SDG) 12 (Responsible Consumption and
Production) seeks to mitigate this problem, with the aims of
halving the global food waste per capita and use of more
sustainable raw materials and promoting resource efficiency.
Consequently, there has been several strategies that the food
industry has been applying to combat this problem, which
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includes recycling food waste as raw materials, and
manufacturing plant alternatives to reduce meat consumption.
There has also been a paradigm shift towards vegan additives
with low allergenicity compared to animal-based counterparts,
that can be used as coatings, preservatives, and texture
enhancers.

Additionally, in the food industry, most packaging and food
additives are synthetic largely due to cost, convenience, and
availability. The most popular food packaging materials, paper
and plastic, are produced using largely unsustainable practices,
namely logging and petroleum mining respectively. Packaging
is the greatest contributor to waste worldwide with about 97%
being unrecycled.> While recycling attempts are increasing, they
cannot counteract the growing demand for plastic.? For single-
use plastics (SUP), the working life, from use to disposal, can be
as short as a few minutes. Some forms of plastic packaging
release compounds that are hazardous to health when stored
over time.* About 95% of plastic packaging is single use but only
about 5% is recycled.?

Within recent times, there has been a paradigm shift to
safer, plant derived, biodegradable alternatives and research is
exponentially growing. Plant based packaging has been gaining
popularity in many first-world countries. For some bioplastics
such as polylactic acid (PLA), while the source of raw materials
(plants) is renewable, the material is not immediately biode-
gradable as this polymer is not naturally occurring within the
plant.® Therefore, utilizing the naturally occurring biopolymers
found in plants can circumvent this, since they are naturally
biodegradable. The lignocellulosic materials found in plants are
the most abundant component of their biomass.”

Lignocellulosic biomass (LCB), derived not only from the
food industry but from various plant-based sources such as
agricultural residues, forestry wastes, and dedicated energy
crops, has emerged as a promising renewable resource for the
development of a sustainable bioeconomy. The integration of
lignocellulosic biomass into the circular economy aligns with
several other SDGs and paves the way for a resilient bio-
economy: (a) lignocellulosic biomass can be converted into
biofuels, such as bioethanol, biodiesel, and biogas, contrib-
uting to the transition towards renewable energy sources and
reducing dependence on fossil fuels (SDG 7 - Affordable and
Clean Energy); (b) the development of lignocellulosic bio-
refineries promotes innovation in biomass processing tech-
nologies, resource efficiency, and the establishment of
sustainable industrial practices (SDG 9 - Industry, Innovation,
and Infrastructure); (c) the substitution of fossil-based products
with bio-based alternatives derived from lignocellulosic
biomass can contribute to the reduction of greenhouse gas
emissions and mitigate the impacts of climate change (SDG 13 -
Climate Action).

The integration of LCB into the circular economy through
the development of lignocellulosic biorefineries supports the
transition towards a sustainable bioeconomy. Lignocellulosic
biorefineries aim to maximize the utilization of biomass by
converting its components (cellulose, hemicellulose, and
lignin) into a wide range of value-added products, including

biofuels, biochemicals, and biomaterials. By valorizing
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renewable resources, reducing waste, and promoting resource
efficiency, these biorefineries contribute to the achievement of
several SDGs and pave the way for a more resilient and
sustainable future.

Cellulose is the most abundant component of lignocellulose,
followed by hemicellulose and lignin.” The applications of
cellulose in the food industry has been widely studied, while the
potential of hemicelluloses is yet to be fully exploited. There is
a diverse range of hemicelluloses available, with several appli-
cations in the food industry based on their properties. Despite
the research that has been conducted, the mainstream
commercialization of hemicelluloses in the food industry is
forthcoming.® This is due to several drawbacks associated with
hemicelluloses that make them less competitive that conven-
tional plastics. Therefore, this review summarizes the research
on plant hemicellulose biopolymers and their applications in
the food industry that has been conducted within the last
decade (2014 to 2023), highlighting key gaps for future research.

2. Market for hemicellulose materials

The commercialization of products based on hemicellulose
faces several hurdles. One major obstacle is the costly produc-
tion process, arising from the complex extraction and purifi-
cation procedures required to obtain pure hemicellulose.
Another challenge is the lack of standardization in production,
making it difficult to ensure consistent quality and quantity of
hemicellulose. Additionally, the restricted availability of raw
materials and competition with other industries utilizing
lignocellulosic biomass further impede the commercialization
of hemicellulose-based products (Qaseem et al., 2021; Rao et al.,
2023; Sutay Kocabas et al., 2020).>** There is a lack of a critical
ecosystem of value-added processors of fruits and vegetables
looking beyond the core product value and in some cases, the
production of these raw waste materials is far away from pro-
cessing facilities. Furthermore, the lack of awareness and
understanding of these products among consumers and
industries presents a challenge.” There is a need for national
policy to guide plant waste disposal to sustain hemicellulose
demand and increased awareness of the use of these waste
materials in industries other than biofuels. Finally, the devel-
opment of efficient and cost-effective methods for extracting
and fractionating hemicellulose from complex lignocellulosic
biomass is imperative for the successful commercialization of
hemicellulose-based products.*® There is a lack of availability of
technical infrastructure, competent human pool, and indige-
nization of machinery for extraction of various phenolic and
phytochemical based by-products.

There are several studies discussing the market for hemi-
cellulose materials worldwide.** Abejon (2018) analysed the
research trends related to hemicellulose valorization from 2000
to 2016.** The global annual production of hemicellulose is
analysed in previous studies.'® Sutay Kocabas et al. (2020) dis-
cussed global efforts to replace petroleum-based products with
renewable biomass-based products through sustainable
processes, with an emphasis on hemicellulose extraction and its
potential applications.™

© 2024 The Author(s). Published by the Royal Society of Chemistry
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There are also some market reports available, such as the
“Hemicellulose Market” research study for 2023, which delves
deeply into market segmentation by types and applications,
including the global sales and revenue forecast, regional fore-
cast, and competitive landscape.’® This report provides both
qualitative and quantitative insights into the market. It includes
details on revenue distribution by application and type, along
with a focus on key hemicellulose manufacturers. The report
covers global market scope and segments, offering compre-
hensive data on market introduction, segmentations, status,
and trends. There is a dearth of reliable information on the
hemicellulose market trends for the food industry, and this
should be the focus of future research. However, examining the
patent literature can uncover various trends in the commer-
cially viable food applications of hemicellulose.

In this literature review a bibliometric investigation was
performed using Google Patents and Web of Science. Research
and review articles published about hemicelluloses in the food
industry from 2014-01-01 to 2023-12-31 were searched in the
Web of Science database using the search terms ‘(“hemi-
cellulose” or “xylan” or “glucan” or “mannan”) in the title and
(“food” and “plant”) in any field’. The same search query was
used in the Google Patents search. The search yielded 468
patents and 392 publication results. The trend in the number of
patent applications and publications are shown in Fig. 1. While
there has been an upward trend in the number of publications
in hemicelluloses and food, there has been a general decline in
the number of patents filed from 2016 onwards (Fig. 1a). In 2020
and 2023, the number of academic publications surpassed that
of the number of patents filed, indicating that while hemi-
celluloses are an increasingly popular area of research, these
research findings do not always translate into commercial
applications. Therefore, this section describes the different
applications in which hemicelluloses were used in recent patent
applications, to better guide the future trajectories for research
in this field.

Most patents filed in this area describe methods to extract
hemicelluloses from lignocellulosic biomass or from plant
storage polysaccharides (Fig. 1b). The second most popular
category was food additives, which showed a decline over the
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years in the number of patents filed (Fig. 1b). Hemicelluloses
have been used in various food products as emulsifiers, fibre
additives, and texture enhancers. For example, one patent used
Kojac Gluco Mannan (KGM) to enhance the texture of a plant-
based ham alternative.'® Several of the patents filed incorpo-
rated hemicelluloses into functional food or food supplement
formulations (capsules, tablets etc.) that are beneficial to
human health. There has been a declining trend in patents filed
for hemicellulose modifications (Fig. 1b). Interestingly, there
were very few patents on hemicellulose food packaging/
coatings, despite the growing body of research in this area
(see Section 4.1). This suggests that there needs to be a stronger
link between academic research and commercial endeavours.
Some examples of patented food packaging are a xylan-based
composite edible film'” and a hemicellulose-based plastic.*®

3. Synergy of bioeconomy,
biorefinery, and life cycle analysis (LCA)
for the sustainable production of
biodegradable chemicals and materials
from hemicellulose

The synergy of bioeconomy, biorefinery, and Life Cycle Analysis
(LCA) plays a crucial role in the sustainable production of
biodegradable chemicals and materials from hemicellulose.
Lignocellulosic biorefineries employ various processes to
maximize the utilization of biomass, including pretreatment to
enhance component accessibility, enzymatic hydrolysis to break
down polysaccharides like hemicellulose into fermentable
sugars, and fermentation of these sugars to yield valuable
biochemicals and biodegradable materials.

Ongoing research efforts in lignocellulosic biorefineries
focus on optimizing and integrating the various unit operations
to improve process efficiency, reduce waste streams, and
enhance overall economic viability. Key areas of technological
advancement and challenges include developing cost-effective
and environmentally friendly pretreatment methods,
improving enzymatic hydrolysis through tailored enzyme
cocktails and discovery, engineering

novel enzyme
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(a) Trends in the numbers of scholarly publications and patents filed with search terms ‘("hemicellulose” or “xylan” or “glucan” or “mannan”)

in the title and ("food” and “plant”) in any field’ during the period 2013-01-01 to 2023-12-31 (b) number of patents filed between 2014-2023 on

the applications of plant hemicelluloses in the food industry.
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microorganisms for efficient fermentation of various sugars,
integrating advanced separation and purification technologies,
and exploring novel valorization pathways for side streams and
by-products. Furthermore, comprehensive techno-economic
and Life Cycle Assessments (LCA) are essential for evaluating
the economic feasibility, environmental impacts, and sustain-
ability of lignocellulosic biorefineries at different scales,
ensuring the sustainable production of biodegradable chem-
icals and materials from hemicellulose while contributing to
the bioeconomy.

Despite the potential of hemicellulose for applications in the
food industry, much of it is not utilized for value-added appli-
cations and is primarily incinerated to produce energy.
However, recent research has focused on the development and
optimization of hemicellulose extraction methods to increase
its utilization in the bioeconomy and biorefinery concept.*
Enhancing specific critical parameters is crucial for the prog-
ress of commercializing these processes.”* A comprehensive
assessment of the environmental sustainability of lignocellu-
lose biorefineries is needed to create policies and regulatory
frameworks that support the commercialization of these bio-
refineries.* Life Cycle Assessment (LCA) provides a structured
method for compiling energy and material input inventories,
assessing environmental releases, and evaluating the overall
environmental impact associated with products or processes.
This assessment covers economic, social, and ecological
considerations in different domains, such as from-cradle-to-
grave (ie. from raw materials to end-of-life), from-cradle-to-
gate (from raw materials to marketable product), and from-
gate-to-gate.”*

Although, limited information about LCA studies, specifi-
cally regarding hemicellulose biorefineries, exist up to this date,
there are some studies that provide a wide overview of the
importance of biowastes valorization routes for the production,
application and end-of-life scenarios of various chemicals and
materials within a major biorefinery scope. The study by Ali
et al. (2022) contributes to a comprehensive understanding of
the life cycle of biodegradable plastics.*® They also review end-
of-life scenarios (up-cycle and down-cycle) to attain the
maximum environmental, social, and economic benefit from
biodegradable bioplastic products under the biorefinery
concept. The authors also discuss the challenges and prospects
of bioplastics in transitioning towards a circular economy,
emphasizing the significance of evaluating the environmental
benefit over the entire life cycle. Similarly, Nessi et al. (2021)
focused on the comparative LCA of alternative feedstock for
plastic production, including recycled plastics and CO,,
providing valuable insights into the environmental impact of
different feedstock options.* Gioia et al. (2021) evaluated three
different end-of-life scenarios (composting, recycling, and
upcycling) for biodegradable plastics in terms of literature
review, contributing to a better understanding of the sustain-
ability of these materials.> Ali et al. (2023) discussed the state of
the art in life cycle assessment (LCA) for bioplastic production,
with a focus on bioplastics manufacturing, providing
a comprehensive overview of the environmental impact of
biodegradable chemicals and materials.”®

1186 | Sustainable Food Technol,, 2024, 2, 183-1205

View Article Online

Review

A recent cradle-to-gate LCA study compared the sustain-
ability of a first-generation biorefinery model that produces
lignin, glucose, and hemicellulose, with that of a second-
generation biorefinery model, which additionally produces
ethanol and furfural derived from biopolymer degradation.”
Limited data availability was a constraint to the development of
the model, and thus future studies are required to fully
understand the environmental impact of biorefineries. They
found that a broader spectrum of materials and chemicals
being produced at a biorefinery can cause a balance between
environmental sustainability and maximizing revenue, as long
as the volume and the product type was reasonable.?*”

Several materials and chemicals derived from hemicellulose
breakdown can be produced for commercialization purposes,
which are briefly discussed here. These include xylooligo-
saccharides (XOs) and xylitol, which are valuable products ob-
tained from hemicellulose. Additionally, hemicellulose can be
utilized in the production of bioethanol, furan derivatives, and
hydrophobic and processable derivatives, which can be used to
prepare films and composites.”® Furthermore, hemicellulose
can be employed in the production of various value-added
biomaterials.”* Hemicellulose monomers can undergo various
chemical transformations, such as dehydration or oxidation, to
yield the desired chemical compounds.’*®** Pentoses and
hexoses from hemicellulose play important roles as feedstocks
for the production of various chemicals, including furfural,*
gamma-valerolactone (GVL), hydroxymethylfurfural (HMF),
levulinic acid,**** and others.?*3*

Furfural is a chemical manufactured in a lignocellulosic
biorefinery from the acid-catalyzed dehydration of xylose,
derived from hydrolyzing Cs polysaccharides found in biomass
hemicellulose. Another platform chemical, HMF, can be used
for the synthesis of a variety of value-added chemicals and
materials. HMF is a precursor for the production of bio-based
polymers, such as polyesters and polyurethanes and can be
converted into 2,5-furandicarboxylic acid (FDCA), which is a key
building block for bio-based plastics like polyethylene fur-
anoate (PEF).>*?¢

Furfural serves as a chemical precursor for furfuryl alcohol
and can be converted into various 5-membered oxygen-
heterocycles, succinic acid, and levulinic acid.*” Furfural has
widespread applications in the plastics, pharmaceutical, agro-
chemical, adhesive, and flavor enhancement industries. Suc-
cinic acid serves as a platform chemical and can be converted
into succinate esters and precursors for various compounds.
Dehydrogenative cyclization produces succinic anhydride, a key
material for fumaric and maleic acid production.® Levulinic
acid is used in the production of plasticizers, pharmaceuticals,
agrochemicals, and is a platform for the food industry primarily
as a flavouring agent and food additive.** It has also been found
that levulinic acid has certain antimicrobial properties helping
to extend the shelf life of certain food products.*® Levulinic acid
is also a precursor for the synthesis of gamma-valerolactone
(GVL), which is employed as a solvent and has applications in
the production of biofuels.*

As a final example, Gotz et al. (2023) conducted a compara-
tive life cycle assessment (LCA) of simulated biorefineries

© 2024 The Author(s). Published by the Royal Society of Chemistry
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producing 5-Hydroxymethylfurfural (HMF) from maize and
miscanthus, representing first- and second-generation
biomass.** The objective was to evaluate the environmental
impacts and process development suitability of these sources.
The study aimed to understand the environmental conse-
quences of HMF production from both biomass types. The
findings revealed that, in general, the miscanthus-based bio-
refinery exhibited lower emissions across various impact cate-
gories compared to its maize-based counterpart, except for land
occupation. The authors underscored HMF's potential as
a versatile platform chemical for a bio-based chemical industry
and emphasized the importance of LCA studies in guiding
sustainable process development. This research provides valu-
able insights into the environmental performance of HMF
biorefineries using different biomass sources, offering guidance
for the advancement of sustainable biorefinery practices and
the shift toward a bio-based chemical industry.*®

The conclusions from these works highlight the importance
of lignocellulosic residues, hemicellulose and its potential
applications, as well as the role of sustainable processes,
biowastes valorization, and life cycle assessment in the
production and management of biodegradable chemicals and
materials.

4. Current strategies and challenges
in lignocellulosic biomass valorisation
4.1 From an oil/fossil-based society to a bio-based society

Due to the growing world population, there is intensive use of
land and natural resources for food, commodities and energy
production, that has delivered a standard of living never seen
before in industrialized countries, but at the same time has
affected environment and human health. The earth's natural
balance has been altered and consequently, we can witness
climate change, biodiversity loss, water shortage, famine and
diseases. Modern society relies on petroleum and fossil
resources that are finite and non-renewable, for energy, chem-
icals and materials; their use represents an environmental
threat. Despite the efforts to decrease its consumption and use
renewable resources, oil demand especially for energy for
transportation continues to grow in 2024, according to the
Deloitte report.*” Regarding global warming, the World Meteo-
rological Organization (WMO) indicates that there is a 66%
probability that the annual average near-surface global
temperature between 2023 and 2027 will be more than 1.5 °C
above pre-industrial levels.** Biomass - including biodiversity,
lignocellulosic biomass, and residual biomass is a sustainable
alternative with economic and environmental advantages.
Biomass wastes, including forest, agriculture, agro-industry and
food wastes are increasing as the world population grows and
the need of food, energy and commodities escalates. Biomass
wastes have started to be seen as the resource for the next
generation of biofuels, biochemicals and biomaterials. Bio-
resources would reduce the dependency on oil and at the
same time would have the benefit of good waste disposal, saving
economic resources.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.2 Food supply chain waste (FSCW) valorisation

Food, water, sanitation and shelter are basic needs for human
survival, however, low-income communities, especially in
developing countries face difficulties when it comes to finding
these minimum requirements.* In contrast, there is a growth in
nutrition-related diseases such as diabetes and obesity in
middle and high-income countries.** Studies highlight that
these metabolic diseases are due to food processing that uses
a great quantity of refined and energy-dense additives without
nutritional value.*” Food processing industries are energy and
water intensive and still inefficient, thus food supply chain
waste (FSCW) is becoming a challenge for food security as well
as for the development of a sustainable bioeconomy.** One-
third of global food produced is wasted in the food value
chain, therefore there is an urgent need of changing behaviour
towards the FSCW toward its valorisation and utilization, so
that the carbon footprint throughout the FSC be a eco-friendly,
more effective, and sustainable process.*® Efficient and
advanced waste management disposal should focus on rede-
sign, reuse, recovery, and recycling of food residues applying
novel greener technologies.

5. Biomass cell wall structure and the
role of hemicellulose in plant cell wall
growth

Lignocellulosic biomass (LCB) is the most abundant material
on earth. It is believed that 200 billion tons per year of vegetable
biomass grow in our planet, but only 4-5% is utilized while the
rest is recycled via natural pathways.*” The cell wall biomass cell
is constituted by layers and sublayers: middle lamella, primary
wall, and secondary wall, which is constituted by three sub-
layers such as secondary wall S1, S2 and S3 (Fig. 2). Chemically,
lignocellulosic biomass consists of four biopolymers: cellulose
(mostly in the primary wall and in the S2 sublayer); hemi-
cellulose (mostly in the primary wall and secondary wall S3);
lignin (mostly in the middle lamella and in the secondary wall
S1); and pectin (mostly in the primary wall) (Fig. 2). These
biopolymers are present in different proportions, associated
each other in a matrix called lignocellulose; whose relative
composition depends on type, species, and variety of the plant
and even the age of the plant and the ecosystem where is grown
and developed influence the biomass composition and struc-
ture. A fourth biopolymer, pectin, is also present in the primary
cell wall.*® The relative abundance of these three biopolymers is

Secondary Wall S3 Mostly h

Secondary Wall $2 —————— Mostly cellulose

Secondary Wall S1 —— Mostly lignin

, Mostly cellulose,

Primary wall = .
hemicellulose and pectin

Middle lamella ———— Mostly lignin

Fig. 2 Scheme of the plant cell wall, its structure and general
composition.
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a key factor in the quality of LCB and its utilization. Since the
dawn of humankind, human beings have used LCB as material
for housing, clothing, household goods, and as fuel to cook
their foods and heat their homes. LCB utilization is based on
the chemical composition, and the structure and ultrastructure
of the LCB cell wall. Cellulose is a linear homopolymer formed
by glucose monomer units, linked through B-1,4 glucan chains
which make cellulose microfibrils and form a semicrystalline
structure, hence, chemically cellulose is a polysaccharide.
Hemicellulose is a non-cellulosic polysaccharide that consists
of a B-1,4-linked chain having side chains that prevent the
formation of crystalline structures. This makes hemicellulose
an amorphous biopolymer that forms long chains which can
associate with cellulose through hydrogen bonding, so that
hemicellulose forms a strengthening network that holds
microfibrils together at specific sites. It is also speculated that
hemicelluloses act as plasticizers keeping microfibrils apart
from each other as well as sites of expansion enzyme activity.
The type of hemicellulose, branching and abundance is species
and biomass maturity dependent. There is still intense research
related to the role of hemicelluloses in plants, some of them
having side/chain substitutions (methylation). Lignin, the third
component of the cell wall, is an aromatic network that confers
strength and hydrophobicity to the cell wall and poses a signif-
icant barrier to wall-degrading enzymes. Lignin biopolymer is
formed by monolignols and are oxidatively polymerized by free
radicals in the cell wall.* However, recent studies have revised
its biosynthetic pathway, lignin monomers and the flux regu-
lation throughout the pathway, concluding that there is
a multilevel regulation of the phenylpropanoid pathway. When
pathway perturbations occur, several intermediates are formed
and can be converted into multiple different derivatives; both
intermediates and derivatives can be integrated into the lignin
polymer or remain soluble and can affect physiological
processes.”® LCB mainly consists of secondary cell walls, and
therefore the amount of pectin present in the LCB is minor,
however, their industrial importance has focused the attention
of several researchers. Pectins are complex cross-linked poly-
saccharides that contain p-galacturonic acid. There are three
types of pectin in plant cell walls: homogalacturonan (HG),
rhamnogalacturonan-I (RG-I) and RG-II. In general, pectin in
plant cell walls consists of c. 65% HG, 20-30% RG-I and 10%
RG-IL.¥

6. Applications and benefits of
biorefineries in circular economy

6.1 Sustainable bioeconomy (SBE), circular bioeconomy
(CBE) and circular engineering (CEng) - towards new product
development (NPD) and an advanced bioeconomy (ABE)

Our modern society faces three big challenges: overpopulation,
resource depletion and climate change; this causes pollution
and greenhouse effect gases (GHG), therefore more food, more
resources, and sustainable new sources to replace fossil fuels
are needed. One of the most promising sources of carbon are
renewable biological resources, namely biodiversity, biomass
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and residual biomass. The LCB and their residues are abundant
and a suitable raw material for further processing and valor-
isation due to their richness in important chemical compounds
such as low molecular weight compounds, most of them
extractable bioactive phytochemicals; as well as high molecular
weight compounds, which are structural and reserve biopoly-
mers in the cell wall, described in the previous section. The LCB
has been used for centuries; however, this renewable material
has been underutilized. Hence, most LCB used as feedstock
generates a great volume of wastes that until now are aban-
doned in the field or are buried in the landfills, not being part of
the value chain of these industries currently. The challenge is to
develop new clean technologies than can convert substantial
amounts of biomass and residual biomass (RB) in a low cost
and sustainable way, into commercially viable advanced bio-
fuels, high value-added bioproducts and smart biomaterials
suitable for the needs of our technological society favouring and
advanced bioeconomy (ABE).** This can be accomplished by
applying the biorefinery concept and zero waste technology.>
Therefore, to develop a sustainable bioeconomy (SBE), one
needs to consider the balance between a sustainable use of
biological resources and the industrial use of biomass resources
for multiple uses including bioenergy, food, feed, chemicals,
fibres, polymers, plastics, and composites.”* Additionally, the
waste generated in a LCB and RB processing can be integrated
to the existing value chains through the development of new
products, or novel sustainable processes can create new value
chains stimulating a new product development (NPD). The NPD
is beneficial since novel approaches and research are devel-
oped, boosting the Research + Development + Innovation (R + D
+ I) departments in academia and industrial settings. This
promotes the circular bioeconomy (CBE) and enables the
reduction of wastes in the environment as well as the efficient
use of resources such as energy and water, laying the founda-
tions for Circular Engineering (CEng). CEng would allow to not
only take care of industry resources and improve their produc-
tivity and competitiveness, but also to reduce the waste and
minimize greenhouse gases from the environment and ensure
a clean environment, a growing industry and sustainable
development.

6.2 Biorefineries, zero waste technology (ZWT)

The sustainable use of LCB and RB can be optimized applying
the biorefinery concept and zero-waste technology, in which
most of their valuable chemical components are extracted,
isolated, purified, and/or functionalized (to enhance their
physico-chemical properties), in a cascade way attempting to
minimize residues in all stages of the process. These lignocel-
lulose chemical compounds can be included in high value-
added bio-products or biomaterials, as it is visualized in
Fig. 3. This scheme depicts the integrated cascade biorefinery of
LCB and RB in which the first step (1) is to extract the phyto-
chemicals using green solvents such as deep eutectic solvents
and then purified and characterized for suitable applications in
pharmaceuticals, nutraceuticals, cosmeceuticals, foods,
textiles, and so on. In a second step (2), the spent solid fraction
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can undergo a clean pretreatment, for instance a hydrothermal
treatment combined with deep eutectic solvents. In the
pretreatment, the LCB cell wall deconstruction leads to three
different streams: a solid cellulose-rich fraction, and a liquid
fraction rich in xylooligosaccharides and sugars coming from
the hemicellulose biopolymer fractionation as well as lignin
and phenolic compounds coming from the lignin biopolymer
fractionation of the cell wall. Further processing of these frac-
tions may lead to steps (3) lignins, nanolignins and their
nanocomposites and advanced biomaterials, (4) hemi-
celluloses, xylooligosaccharides, advanced biomaterials, and
sugars (monomers), and (5) cellulose, micro/nano fibrillated
cellulose (MFC/NFC), advanced biomaterials, glucose (mono-
mer) and biofuels.

6.3 Integrated cascade biorefinery of hemicellulose-rich
fraction of LCB and RB

The valorisation of the hemicellulose-rich fraction from LCB
and RB applying the biorefinery approach leads to the produc-
tion of high value-added bioproducts and bioenergy, developing
the bioeconomy, the circular bioeconomy and advanced bio-
economy. For this reason, the development of processes at pilot
and industrial level for the fractionation of biomass, and the
products applied to the food, materials, and energy sectors are
a viable and sustainable alternative for the development of our
society. This review emphasizes the valorisation of hemi-
cellulose fraction, processing technology as hydrothermal
processes in batch for extraction of hemicellulose, and high
value-added products as xylooligosaccharides, xyloglucan,
mannan, xylitol, mannitol, biofilms, coatings, and other appli-
cations described in the following sections.

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

Integrated cascade biorefinery approach and zero waste biotechnology for LCB and RB.

6.4 Incorporation of bioproducts from the valorization of
LCB and RB in biorefineries with the circular economy (CE) -
sustainable global value chain of chemicals and materials

The incorporation of circular economy with the bioresidues to
the supply chain of chemical products is a necessary step to
ensure the successful development of biorefineries and the
commercial viability of the biochemicals and biomaterials
produced applying the advanced bioeconomy approach. A
recent study reveals that there are more than 350 000 chemicals
distributed in 22 inventories worldwide; most of them come
from fossil sources, especially from oil, and these chemicals are
the major sources of pollution. In addition, most of these
compounds are difficult to recycle.® On the other hand, there
are 70 000 of these chemicals classified as “complex biological
materials” of unknown or variable composition, which need to
be classified to facilitate simplification of their sustainable
circular use for their rational management in the medium and
long terms.>* Hence, the production of biofuels, bioproducts
and biomaterials is an alternative for an urgently needed solu-
tion for an efficient management of existing fuels, chemicals
and waste in the global market. The acceptance of new biofuels,
bioproducts and biomaterials from cascade biorefineries
(advanced bioeconomy) is necessary for their integration into
the global chemical products supply chain. This could reduce
and possibly eliminate environmental pollution due to chem-
icals, biochemicals and bioresidues.

The sustainable and effective use of bioresidues is an
important factor to close the circle of the circular economy in
the chemical industry, related industries and those that
consume final or intermediate chemical products, which we
find practically in all sectors. Advances in science and
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technology, especially those related to biomass and bioresidue
pretreatments and the downstream processing in cascade bio-
refineries, allow bioresidues to be considered feedstocks for
a wide range of chemical products, and biochemicals that can
be distributed to the final consumer or to specialized compa-
nies that generate high value-added biomaterials.

7. Chemistry, types, and properties of
plant hemicelluloses
7.1 Chemistry

Biopolymers are macromolecules which serve physiological
roles either for support or storage.* They range from liquid to
semi-solid to solid which dictate their application. Hemi-
cellulose is a heteropolymer of glucose and other sugars that
comprise 20-35% of the plant cell wall (20-30% in dicots and
softwoods; 20-35% in hardwoods; 40-50% in grasses) and is
built from carbon, hydrogen and oxygen.*® Like cellulose, it
contains fB-glucose but has a diversity of other sugars as
monomers including xylose, mannose, galactose, arabinose and
glucuronic acid (Fig. 4).">*

Hemicellulose biopolymers (500-3000 monomer units) are
much shorter than cellulose (7000-15,000 monomer units).*
These polymers have a diversity of chemical structures based on
different permutations of the pyranose and furanose sugars
(Fig. 3). However, there are repetitive blocks of monomers in the
backbones of the four main types of hemicelluloses in plants:
xylans, mannans, xyloglucans, and mixed linkage B-glucans
(MLGs).? The diversity of the side chains makes the structural
elucidation challenging since hydrolysis can yield multiple
polymeric products.”” Hemicellulose sugar ratios vary based on
extraction method but also varies between different varieties,
environmental conditions, stage of maturity.>®

H OH
"o
HO'
HO. . OH
H OH
H H
B-D-glucose
OH OH

HO . OH

B-D-glucuronic acid

B-D-xylose

Fig. 4 Chemical structures of the monomers that are used to build
hemicelluloses.
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They are chemically bonded via a glycosidic bond to lignin
and hydrogen bonded to cellulose.>® Hemicellulose can form
hydrogen bonds with cellulose if the hydroxyl groups are in the
axial position. Depending on the sugars constituting the back-
bone, there may be interruptions in the hydrogen bonding,
making cellulose-cellulose bonds stronger than cellulose-
hemicellulose bonds. While cellulose microfibrils impart
strength to the cell walls, hemicellulose imparts flexibility.
Apart from the variation in hydrogen bonding, there exists
variation in branching, degree of acetylation, presence of
carboxyl groups and presence of aldehyde groups. More polar
groups can associate more strongly with cellulose while less
polar groups like acetyl groups associate more strongly with
lignin. More extensive 1 — 6 branching disrupts the hydrogen
bonding and the branches are more susceptible to enzymatic
cleavage and alkali and acid hydrolysis.”® Hemicelluloses are
highly branched in nature and were initially regarded as
amorphous but developments in extraction procedures have
enabled isolation of nanocrystalline hemicellulose.*

7.2 Types of hemicelluloses

The structural characteristics of hemicelluloses have been
recently reviewed.®® The four major classes of hemicelluloses
can be subdivided into various subclasses, with some examples
being listed in Fig. 5. A detailed overview of the chemical
structures of different types of hemicelluloses has been
reviewed previously, so only a brief overview is provided here.**
The chemical structures of some industrially important exam-
ples illustrated in Fig. 6 and 7.

7.2.1 Xylans. Xylans usually consist of a backbone of B-(1
— 4)-linked xylose residues and can be classified into homo-
xylans and heteroxylans. Homoxylans have a backbone of b-
xylopyranose residues linked by B(1 — 4) glycosidic linkages.
Homoxylans mainly have structural functions. Heteroxylans
such as glucuronoxylans, glucuronoarabinoxylans, and complex
heteroxylans, have a backbone of p-xylopyranose and short
carbohydrate branches comprising other sugars.

7.2.2 Mannans. Mannans can be classified into gal-
actomannans and glucomannans based on the presence of the
hexoses in their chain. Galactomannans have only B-(1 — 4)
linked p-mannopyranose residues in the backbone. Gluco-
mannans have both B-(1 — 4) linked p-mannopyranose resi-
dues and B-(1 — 4) linked p-glucopyranose residues in the main
backbone. The branches have B-(1 — 6) linked b-galactopyr-
anose residues for both types.

7.2.3 Xyloglucans. Xyloglucans have a backbone similar to
cellulose comprising (1 — 4)-linked p-glucose with three out of
four glucose residues substituted with a-p-xylose at position 6.
There are different types of side chains: G - unbranched Glc
residue; X - a-0-Xyl-(1 — 6)-Glc; L - B-Gal; S — o-L-Araf; F - o-1-
Fuc. The two most common types of xyloglucans in plant cell
walls are identified as XXXG and XXGG (X = xylopyranose; G =
glucopyranose).

7.2.4 Mixed linkage B-glucans. Mixed linkage B-glucans
has strings of consecutive B-(1 — 4) p-glucopyranose residues
separated by a single B-(1 — 3) p-glucopyranose. The relative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Classes of plant hemicelluloses, as described by Qaseem et al.®

Fig. 6 (a) Chemical structure of xylan in hardwood (b) chemical
structure of konjac glucomannan.

Fig. 7 (a) Chemical structure of xyloglucan in tamarind seed (XXXG
type) (b) chemical structure of mixed linkage B-(1 — 3) B-(1 — 4)
glucans in oats.

abundances of B-(1 — 4) and B-(1 — 3) glucopyranoses are
about 70% and 30%. These glucans primarily consist of cello-
triosyl and cellotetrasyl segments in random order.**

7.3 Properties of hemicelluloses for food applications

The food industry actively seeks new ingredients and natural
additives to use in food and enhance food properties such as

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

texture, stability, solubility and emulsifying properties. The
properties of hemicelluloses change depending on the tissue,
(e.g. fruits, stems, roots and seeds), class of plant (mono-
cotyledon, dicotyledon, softwood, hardwood), environmental
conditions (e.g. temperature, season), and chemical structure.
The type of monomer, substitution, and branching (e.g. arabi-
nose, gluconic acids and galacturonic acids in xylans, or
galactose in mannans) also affect the physicochemical proper-
ties.”® The physicochemical properties of arabinoxylans from
various sources® and O-acetyl-glucomannans from various
Amorphophallus species have previously been reviewed.®

Solubility is an important property of hemicelluloses that
can be tailored for different food applications. The longer the
polymer chains are, the lower the water solubility.** High
molecular weight hemicelluloses can form gels, with rheolog-
ical properties of high viscosity and elasticity. The degree of
branching also impacts solubility, with the solubility increasing
when the polysaccharide is more highly branched.®* The types
of substituents also affect solubility, since hemicelluloses with
the same degree of branching, but with different substituents,
will have different properties.®* Thirdly, the orientation of the
substituents will impact solubility, since removing arabinose
moieties from a disubstituted arabinoxylan chain does not
greatly impact solubility.®

The rheology and viscosity of hemicellulose biopolymer
solutions also influences their applications. Chain flexibility is
a major factor affecting the biopolymer rheology, since the less
flexible the chain, the more viscous the solution. The degree of
acetylation, temperature, and the average molecular weight
affect the gelation process. For example, glucomannan is
hydrophilic and has the capacity to form gels due to the self-
association of glucomannan's acidic residues.®® Temperature
can induce conformational transitions in some poly-
saccharides, which affects the flexibility, charge density, and
size of the chain, which in turn will affect viscosity.*® Gluco-
mannan can react with other polysaccharides to form thermo-
irreversible stable gels, which could be use as gelling and
thickening agents, which has industrial potential as emulsion
stabilizers in food products.***” Hemicelluloses with less
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galactose residues can absorb more water in a stable viscosity
range, forming colloidal suspensions better than sodium algi-
nate, carboxymethyl cellulose (CM) or pectin.?**® The ability of
the hemicellulose to form hydrogen bonds with water results in
a high water activity, in addition to preventing ice crystals
forming in frozen products, making it a good stabilizing agent.
Hydration and viscosity range depends on the operation
conditions such as pH, temperature, and concentration of
solutes.®® Galactoglucomannan and glucoxylans do not display
high viscosity and has the capacity to reduce the surface tension
of water.® These properties of hemicelluloses that determine
their assembly at liquid-liquid interfaces gives them emulsi-
fying properties that can be exploited in oil-water emulsions in
various foods such as yogurts, dressings and deserts.>**>7°

The thermal and optical properties of various plant hemi-
celluloses were recently investigated, and they were found to
have a glass transition temperature from 250-300 °C which
indicates that they are thermally stable. The hemicelluloses
were also transparent, indicating that they are suitable for
making packaging material.”* However, the high number of free
hydroxyl groups in hemicelluloses make them hygroscopic and
some hemicelluloses, such as xylans, are brittle.”® Despite this,
hemicelluloses have excellent properties, such as biodegrad-
ability, biocompatibility, and bioactivity, which enable it to be
applied in various industries, including the food industry.’

8. Extraction and processing
methods of hemicelluloses for
industrial uses

There are several ways to obtain hemicelluloses, namely, the
extraction of hemicelluloses from lignocellulosic waste or bio-
waste, the polymerization of bio-based monomers, and micro-
bial fermentation.

8.1 Extraction of hemicellulose polymers from bioresidues

The extraction of hemicellulose from lignocellulosic biomass
has been reviewed recently, and is only briefly described here,
emphasizing recent developments in this area.**”> Additionally,
the extraction of glucomannans from various plant sources have
been extensively reviewed.” The extraction of xyloglucan from
tamarind seed (which is an industrial waste) for its use in the
food industry has also been previously reviewed.” Depending
on the extraction conditions, they can be isolated as polymers,
oligomers, or monomers of differing molecular masses.

Table 1 shows some examples extraction procedures for high
molecular weight and therefore high authenticity hemi-
celluloses that would be useful for industrial applications.
There are three main categories of hemicellulose extraction
methods. The first method is physical pretreatment, where the
hemicellulose is obtained via hydrothermal extraction (or
autohydrolysis) or steam explosion.*® The second method is
chemical pretreatment, which includes alkaline extraction, acid
extraction, or solvent pretreatment (e.g. organosolv extraction,
high pressure CO,/O, technology, ionic liquid extraction, deep-

eutectic solvent extraction).®*® The last major category is
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Extraction conditions [extraction category]
1 N NaOH (1:50) 1 h, pH 6.5 HCI and CaCl,

(1 h), pH 4.5 HCI (15 min), 50% ethanol

[alkali extraction]
Soaked in 1 M NaOH (1 : 7) or water, followed

by microwave-assisted extraction

Aqueous extraction/ethanol leaf : water ratio
[microwave-assisted extraction]

(1:3) at varying times (1-6 h) and

temperatures (80-100 °C)
Aqueous extraction/95% ethanol at 50 °C

Ethanol, followed by 25% NaOH 120 °C
(4 h) [hydrothermal extraction]

[alkaline treatment]
Aqueous extraction/ethanol at varying

temperatures (35-95 °C)

Table 1 Examples of plant and bioresidues sources of hemicelluloses and extraction methods
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combined pretreatment, which includes physical-chemical
pretreatment (e.g. ultrasonic-assisted extraction, microwave-
assisted extraction), a combination of chemical and hydro-
thermal processes (e.g. alkali-assisted hydrothermal process,
acid-assisted hydrothermal process), and other combined
processes.*®

8.2 Polymerization of bio-based monomers

Hemicelluloses can be synthesized from its constituent mono-
mers by chemical polymerization, enzymatic polymerization,
and/or chemical synthesis.* The synthesis of a-glucans, B-
glucans, xyloglucans, xylans, arabinoxylans, a-mannans, and B-
mannans have recently been reviewed.** This method is less
popular than the extraction methods described previously,
since it is time-consuming, and in the case of enzymatic
synthesis, the specificity of enzymes for a particular reaction
limits the substrate scope.®* These disadvantages lead to poor
scalability.® This process has the advantage that there is batch-
to-batch reproducibility, unlike with hemicellulose extraction,
where the extraction method and hemicellulose source intro-
duce variability into the final product.®* Due to the inherent
disadvantages of this method, the rest of this review will focus
on hemicelluloses obtained via extraction.®*

8.3 Microbial fermentation

Glucans can be produced by microbial fermentation, where the
microbes secrete exopolysaccharides under fermentation
conditions. This production method has been reviewed previ-
ously.?®* For example, scleroglucan is a $-1,3-p-1,6-glucan that
is secreted by Sclerotium fungi under fermentation conditions.**
Various microbial exopolysaccharides, such as xanthan gum,
curdlan, and gellan gum, are already used commercially in the
food industry.*® However, this review focuses on plant-based
hemicelluloses and thus will not be discussed further.

9. Overcoming the challenges
associated with hemicellulose in the
food industry

The physical and mechanical properties of hemicelluloses can
be improved by enzymatic or chemical reactions with substit-
uents to confer unique or advantageous properties. Addition-
ally, various additives can be used to create hemicellulose
composites that have superior qualities. These modifications
have been summarized previously, so only recent examples
from food industry applications are described here.*

9.1 Chemical modifications

The various chemical modifications to hemicelluloses that can
improve their properties for applications in the food industry
has been recently reviewed.'®**°

9.1.1 Etherification. Hemicellulose etherification reactions
include: carboxymethylation, alkylation, benzylation, hydrox-
ypropylation, and quaternization. These reactions modify the
solubility and biodegradability of hemicelluloses.**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Carboxymethylation is an industrially attractive hemi-
cellulose modification because it does not require extreme
solvents or modification conditions.”® Carboxymethylated
hemicellulose is more thermally stable than hemicellulose, with
better film-forming and oxygen barrier properties, but the
material is still hygroscopic, which limits its function as
a packaging film.** However, various carboxymethylated hemi-
celluloses have enhanced antibacterial and prebiotic properties,
so that they may be better suited as food additives.**

Alkylation reactions use alkyl groups as the substituent. For
example, methylation can improve the water solubility and
thermal stability of hemicellulose.*® Benzylation improves the
water resistance and hydrophobicity of hemicellulose, which
can make benzylated hemicellulose suitable for making bio-
plastics.*® Hydroxypropylation can be used modify the amphi-
philicity of hemicelluloses, which can improve their barrier
properties and thermal stability.*® Quaternization has been
used to create cationic or amphoteric hemicellulose deriva-
tives.*® Cationic xylan derivatives that have enhanced antimi-
crobial and antioxidant activities.*

9.1.2 Esterification. Hemicelluloses can be esterified by
acetylation, sulfation, succinylation, oleolation, lauroylation,
and fluorination. In these reactions, the hydroxyl groups react
with a carboxylic acid or its derivatives to form an ester. The
replacement of hydroxyl groups decreases the hydrogen
bonding capacity of the polymer, thus making it more hydro-
phobic and increasing the flexibility of hemicellulose films.”

Acetylation of polysaccharides, such as mannans, can
improve their physicochemical properties and bioactivity.**
Acetylation can improve the hydrophobicity, water solubility,
and water absorbance of mannans and may also improve their
antioxidant activity.®* A greater degree of acetylation in tama-
rind seed xyloglucan corresponded to better water solubility,
thermal stability, solution transmittance, and zeta potential (a
characteristic that affects emulsifying and film-forming prop-
erties) but decreased gelling potential.** Acetylation of xylan
improved its barrier and antimicrobial properties, making it
more suitable for use in food packaging.® Acetylated xylans can
also reduce the biodegradation of bioplastic, which can be
useful for creating bioplastic films for long-term storage.*
Sulfation has also been used to create anionic xylan derivatives
with improved antioxidant and antibacterial activities.”

Succinylation is the process where acid anhydrides, such as
long-chain acid anhydrides (dodecenyl succinic anhydride), are
esterified with the hemicellulose. For example, succinylation of
glucuronoxylans, arabinoxylan, or xylan improved their emul-
sifying  capabilities and gave them  surfactant-like
properties.”*® Oleoylation and lauroylation are the esterifica-
tion of fatty acid chlorides to the hemicellulose hydroxyl
groups.®® The long fatty acid chains impart hydrophobic prop-
erties to the hemicellulose polymer.*® Fluorination is used to
improve the hydrophobicity, chemical resistance, and thermal
stability of hemicellulose films.”

9.1.3 Oxidation. The hemicellulose rings can be opened by
periodate oxidation, which can improve oxygen permeability or
be used as an intermediate step before other chemical modifi-
cations, such as amination.®*® However, oxidation can lead to
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depolymerization, which could affect the mechanical
properties.®*

9.1.4 Reductive amination and amidation. Alkyl aminated
glucuronoxylan showed higher emulsifying properties with
higher degrees of amination up to a certain point.” Aminated
hemicelluloses also have better amphiphilicity, which makes it
a suitable reinforcement for films or coatings.*” Amidation
reactions can improve the swelling stability of hemicellulose.®”

9.1.5 Cross-linking/graft copolymerization. Xylan/polyvinyl
alcohol films that could be used in food packaging were cross-
linked with 1,2,3,4-butane tetracarboxylic acid to improve
their hydrophobicity, oxygen barrier and mechanical proper-
ties.'” Cross-linking brings adjacent hemicellulose chains
closer, which improves its barrier function so that cross-linked
hemicellulose films extended the shelf life of apples by reducing
oxidation and dehydration.'* Graft copolymerization intro-
duces functional groups into the hemicellulose network which
decreases the extent of hydrogen bonding, and increases its

hydrophobicity.”

9.2 Enzymatic modification

Various enzymes can be used to modify hemicellulose poly-
saccharide chains to customize or improve their properties, and
these modifications have been described previously.'*#%10>13
Enzymatic modifications have some advantages over chemical
modifications, such as the use of milder reaction conditions
that are less prone to degrading the polysaccharide and the
specificity or regioselectivity of the reactions. Exo-a-L-arabino-
furanosidases, exo-a-glucuronidase, and endo-B-xylanase can
cleave side chains or the polysaccharide backbone to shorten
xylan chain length, which affects its solubility and barrier
properties.'” The gelling or film formation properties of
mannans can be modified exo-a-galactosidase, endo-f-man-
nanase, and galactose oxidase enzymes which modify the
backbone, side chains, or adds carbonyl groups.'** Xyloglucans
can have their solubility and gelling properties altered by exo-f-
galactosidase, xyloglucanase, and xyloglucan endo-trans-
glycosylase which cleaves the backbone or side chains or can
add xyloglucan oligosaccharides to the polymer.**> A disadvan-
tage of enzymatic modifications is that different enzymes are
needed for different types of hemicellulose, and these enzymes
are expensive.*®

9.3 Additives/composites

9.3.1 Additives. Various plasticizers, such as chitosan,
carboxymethylcellulose, xylitol, sorbitol, or lignin, are added to
hemicelluloses to improve their film-forming properties.***'%*
For example, plasticizing with glycerol or other polyols at high
temperatures have better tensile strength properties compared
to the pure polymers.'*® These reactions take place with low
concentrations of the polymers (1-4%) at low temperatures (60 ©
C) and the films are also dried at low temperatures (25-35 °C) so
it is not energy intensive.

9.3.2 Composites. Composites are materials made with two
or more components which together result in a material with
beneficial properties. Reinforcing agents are added to

194 | Sustainable Food Technol., 2024, 2, 183-1205

View Article Online

Review

composites to enhance the mechanical properties of hemi-
cellulose films, examples of which are described in Section 7.1.”
In addition to creating uniform hemicellulose composites,
some research has been conducted into creating hemicellulose
composite films as bilayers or multilayers, where the various
components of the film are casted layer by layer.**” The creation
of chitosan-konjac glucomannan (KGM) bilayers led to lower
water vapor permeability and swelling degree, but there was
reduced mechanical strength and thermal stability.’” The
creation of bilayers facilitates the combination of materials that
have complementary characteristics (e.g. mechanical strength
and antibacterial activity) but incompatible conditions for
mechanical properties.**®

9.4 Bio-nanocomposites

9.4.1 Films. Films can be made of biopolymer composites
interacting via secondary forces of attraction to form three-
dimensional (3D) structures. The use of hemicellulose-based
nanocomposite films in the food industry has recently been
reviewed.' The addition of nanofillers to the hemicellulose
biopolymer can improve the functional properties of hemi-
cellulose packaging films, such as mechanical strength, thermal
stability, and water permeability."*® For example, the addition of
gliadin/casein nanoparticles to KGM/carboxymethyl chitosan
edible films significantly improved its mechanical strength,
water barrier properties, thermal stability, and UV blocking
ability and the resulting edible film extended grape shelf life."**

9.4.2 Emulsions. Hemicelluloses can also be used to create
nanoemulsions, typically where an emulsifier is used to stabi-
lize an emulsion of two immiscible liquids - a hydrophobic
phase consisting of droplets (20-200 nm diameter) suspended
in a hydrophilic phase."> Nanoemulsions can also facilitate the
slow release of active compounds, which make them suitable
for active packaging. Hydroxypropyl-B-cyclodextrin (HPCD)/
lecithin emulsifier was used to stabilize cinnamon essential
oil (which has antioxidant and antibacterial properties) in
a KGM/pullulan film that extended the shelf life of cherries and
Agaricus bisporus mushrooms.”> KGM has also been used in
edible films formed from Pickering emulsions, which is where
an emulsion is stabilized by solid colloidal particles.******

10. Advantages and disadvantages of
using hemicelluloses in the food
industry

Hemicelluloses are the second most abundant component of
lignocellulosic biomass. Therefore, they are readily available
and renewable raw materials that do not compete with the raw
materials used in food production. They also are amenable to
easy chemical modification due to the presence of several free
hydroxy groups (Fig. 1) that can facilitate carboxymethylation,
acylation, or cationic generation.'* The chemical modifications
can alter its properties to make it more suitable for different
applications.’™ Hemicelluloses have film-forming properties,
are biodegradable, and are biocompatible.’** Hemicelluloses
also have low water solubility and oxygen barrier properties.**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Some hemicelluloses, such as glucomannan, have slight anti-
oxidant properties and can facilitate the controlled release of
active substances."” Glucomannan is widely studied for food
industry applications as it is a neutral, non-ionic biopolymer,
and this imparts chemical inertness and stability to the poly-
saccharide which makes it suitable for food packaging appli-
cations, as it will not interfere with the food's stability."” A
demand from the food industry for hemicellulose from ligno-
cellulosic waste could create jobs for farming communities and
minimizes postharvest wastage by creating a downstream value
chain. However, extensive research and development will be
required to innovate and refine the new products and processes.
The relatively low molecular weight of hemicellulose
compared to that of cellulose indicates that hemicellulose has
lower mechanical strength and thermal stability.” Additionally,
hemicellulose composition is not uniform, but varies depend-
ing on the source and there is high heterogeneity of the
mixture.'* The presence of several hydroxyl groups allows them
to make several intramolecular and intermolecular hydrogen
bonds, which make hemicelluloses semi-crystalline in nature,
hygroscopic, and hydrophilic.'** Some hemicelluloses, such as
glucomannan, have high molar masses, which can increases the
difficulty in preparing food packaging films."” Additionally, the
extraction of hemicellulose from lignocellulosic biomass is
more challenging than extracting other components, such as
cellulose. These challenges have recently been reviewed."?

11. Applications of hemicelluloses in
the food industry
11.1 Food packaging

Hemicelluloses and their composites have been studied for
their applications in creating different types of food packaging.
KGM has been extensively studied for its use in food packaging
and has been reviewed previously, so only more recent KGM
studies will be mentioned here.''”-"*

A composite of carboxymethyl xylan, chitosan, and graphene
oxide was used to create food packaging films that exhibit
antibacterial activity, excellent oxygen barrier properties and
mechanical properties.”” Montmorillonite clay has been used
as an additive in quaternized hemicellulose-chitosan compos-
ites to increase thermal stability, water vapor permeability, and
oxygen permeability.'* The addition of aminopropyl polyhedral
oligomeric silsesquioxane to carboxymethyl hemicellulose
enhanced the water vapor barrier characteristics, tensile
strength, and thermal performance of the resulting film which
extended the shelf life of blueberries for a week longer than
a commercial film."”* Hemicelluloses can also be used as an
additive to films based on other biopolymers to improve their
mechanical properties. For examples, KGM added up to 30% (w/
w) to carrageenan derivatives improved the mechanical prop-
erties of the film, which made the film strong enough to store
sesame 0il."** A trilayer film of KGM and tragacanth gum (inner
layer), and e-polylysine, chitosan, and tannic acid (outer layers)
showed excellent mechanical and antibacterial properties and
was moisture-proof, so that it could be used to store dry food
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products such as crackers.” A cost-effective bioplastic was
formulated from the simultaneous extraction of B-glucan and
protein from barley.” In addition to these examples of food
packaging, there are three further subcategories in which
hemicelluloses have been used.

11.1.1 Active packaging. Active packaging is a term used to
describe packaging which contains or is made of components
which have been intentionally incorporated into or on either the
packaging material itself or the packaging headspace (the space
inside the packaging void of product) with the purpose of
enhancing the package system. KGM composites have been
used to create antibacterial, antifungal, and antioxidant active
packaging."'”**® Antibacterial hemicellulose composites are
fabricated with the addition of natural antimicrobial
compounds (e.g. curcumin, gallic acid, essential oils,
epigallocatechin-3-catechate [EGCG]) or synthetic compounds
(silver nanoparticles, poly (diallydimethylammonium chlo-
ride))."”” For example, phlorotannin is a phenolic compound
extracted from Sargassum seaweed that was incorporated into
KGM/cellulose nanocrystal films to impart antioxidant and
antibacterial properties to the film."” Lycopene is natural
antioxidant that when incorporated into KGM:sodium alginate
active films, was able to prolong the shelf life of sweet
cherries.”® Hemicellulose/pectin/nanocellulose biocomposites
were fabricated to slowly release polyphenol antioxidants that
can be used as an active packaging for fatty foods."*

11.1.2 Intelligent packaging. Intelligent packaging is
a system capable of sensing, detecting, recording, and
communicating in order to facilitate the extension of shelf life,
improve quality and enhance food quality. Most indicators
make use of indicator chemicals which will change colour based
on the pH of the gas detected. These are placed on frozen and
chilled products to monitor changes in temperature as they may
relate to shelf life, food quality and food safety. Anthocyanins
and tea polyphenols were added to KGM-sodium alginate
composite films to create pH-responsive intelligent packaging
that show excellent performance in the preservation and
freshness monitoring of milk."*® Elderberry anthocyanins were
incorporated into KGM/chitosan bilayer films to create a pH-
responsive edible film for use in cheese preservation.'®® Gal-
actomannan has also been investigated to create pH-responsive
composite food packaging films."** Various studies have also
investigated different formulations of KGM-based pH-
responsive films to monitor the freshness of stored
seafood.*?> 3

11.1.3 Edible films and coatings. Hemicelluloses are good
candidates for edible films and coatings because most are non-
toxic and contain non-allergic substances, easily manufactured,
and provide semi-permeability to maintain the internal equi-
librium of gases involved during anaerobic and aerobic respi-
ration. They are neutral in taste so do not affect the nutritional
and organoleptic properties. Edible films provide an alternative
solution to prevent postharvest losses of produce by enabling
their storage and preservation at room temperature. KGM has
been widely studied for its incorporation into edible film
composites.”**** For example, KGM has been used to improve
the compactness and brittleness of red pitaya peel films.'**
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Composites of KGM, carrageenan, and nano-SiO, were used to
create edible films that increased the shelf like of white
mushrooms stored at 4 + 1 °C.**” Another study evaluated the
addition of Litsea cubeba essential oil to KGM edible films and
found that this increased citrus fruit shelf life via the antibac-
terial properties of the essential 0il."*®* KGM and synbiotics (a
mixture of prebiotics and probiotic bacteria) were used to create
an edible film for bread buns that extended their shelf life.***
Galactomannans have also been used to create composite
edible films.**%4*

11.2 Food additives

Hemicelluloses are non-toxic, with some having Generally
Regarded As Safe (GRAS) status.'*> For example, hemicellulose
extracts containing galactoglucomannan and glucuronoxylan
from industrial wood byproducts were found to be non-toxic in
an in vitro study, which supports the valorization of wood by-
products in the food industry.*** Therefore, various hemi-
celluloses are currently in commercial use or being explored for
their potential as various food additives. The uses of hemi-
celluloses as food additives in animal feed and as emulsifiers
have been reviewed previously, so that our review expands on
the additional uses of hemicelluloses in the food industry.**
Additionally, the use of mannans® and arabinoxylan as an
additive in the food industry has been reviewed.®>'*%>

11.2.1 Preservatives. The valorization of hemicelluloses as
a potential preservative in cosmetics and food have previously
been investigated, due to concerns about the negative effects of
some of the preservatives that are currently available. Euca-
lyptus alkaline peroxide mechanical pulp (APMP) waste liquor
contains hemicelluloses that were extracted and etherified to
form carboxymethyl hemicellulose (CMHC)."** The CMHC was
then esterified with p-hydroxybenzoic acid to form hemi-
cellulose p-hydroxybenzoate (p-CMHC), a novel preservative.'*®
The p-CMHC has almost no cytotoxicity, and has excellent
antibacterial, antioxidant, moisturizing, and hygroscopic
properties which make it a suitable candidate for future
research on its role as a preservative.'*® The addition of Cae-
salpinia pulcherrima galactomannans and Tamarindus indica
xyloglucans to frozen French bread dough caused improved
stability and reduced freezing damage, which preserved the
dough.*” Therefore, hemicelluloses have the potential to
improve the shelf life of bakery items.

11.2.2 Nutrient enhancers. Hemicelluloses have several
nutraceutical properties that make them applicable as func-
tional food additives. For example, there are several health
benefits of glucomannan consumption which have been
reviewed."® Xylan was carboxymethylated to make it more
resistant to breakdown in the digestive tract and was then tested
for prebiotic activity.®> Carboxymethylated xylan showed prebi-
otic activity on Lactobacillus and Streptococcus probiotic strains,
which shows potential for its use as a dietary supplement.®” An
O-acetylated glucomannan isolated from the Chinese medicinal
herb, Dendrobium catenatum, showed immunostimulatory
effects in vitro and can possibly be used as an immunostimu-
lating food additive.'*® Acetyl-glucomannan from Dendrobium
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officinale exhibited immunomodulatory effects that warrant
investigations into their incorporation into functional foods.
De-acetylation of the acetyl-glucomannan compromised its
immunomodulatory effects.”® An o-(1 — 4)-p-glucan isolated
from stem lettuce peel waste showed immunostimulatory
effects in vitro.">* Galactomannan obtained from spent coffee
grounds showed prebiotic and antioxidant activities and
increased the viscosity of a milkshake product.**?

KGM has been consumed in Asian and European countries
for its numerous health benefits, such as prebiotic activity,
laxative effects, anti-obesity effects, anti-inflammatory proper-
ties, and anti-diabetic effects."***** KGM has high viscosity and
hydration capacity which make it an excellent nutritional
additive as a source of dietary fiber for satiety regulation and
glucose control."® While previous studies found that the
incorporation of nutritional additives to KGM reduced its
viscosity, Chen et al. were able to incorporate the polyphenol,
dihydromyricetin (DMY), into KGM, leading to improved
physicochemical activity.**®

Hemicelluloses have also been investigated for their ability
to help control post-prandial blood glucose levels, which would
make them potential ingredients for dietary supplements tar-
geted towards those looking for these health benefits or dia-
betics. A galactoglucan from Lanzhou lily (Lilium davidii var.
unicolor Cotton) bulbs showed a hypoglycemic effect."”® A
double-blind, randomized, controlled trial on healthy humans
found that a Plant Fiber Extract (PFE) containing xylan and
cellulose polysaccharides and oligosaccharides elicited
comparatively low insulinemic and glycemic responses.
Additionally, an arabinomannan from Anemarrhena asphode-
loides Bge. showed anti-diabetic osteoporosis activity.'*® High
molecular weight hemicelluloses from black spruce sawdust
mill waste were recently explored to assess its potential as high-
fibre a functional food ingredient.*®

11.2.3 Emulsifiers. Hemicelluloses can be used to stabilize
emulsifications and Pickering emulsions in the manufacturing
of various food products, and has recently been reviewed.'***%>
Microencapsulation is an emerging technology in the food
industry that can be used to protect lipids, such as plant oils,
from atmospheric oxidation that would otherwise decrease the
oil's nutritional value and organoleptic properties.'*® Emulsi-
fiers are required for microencapsulation. Spruce gal-
actoglucomannans (GGM) and birch glucuronoxylans (GX)
show comparable efficiency to commercially used guar gum
during the microencapsulation process.'** However, GGM and
GX had a woody taste in sensory evaluations of yoghurt that
prepared with these emulsifiers. In another study, GGM and GX
were used to microencapsulate bilberry powder for use in
functional foods to protect its bioactive compounds from
atmospheric oxidation.' The microencapsulation efficiency of
71-73% was comparable to that of gum Arabic (76%).'** Glu-
comannan obtained from the aqueous extract of the Acrocomia
aculeata fruit pulp showed significant emulsifying properties.'*®
B-glucan can also be used in the encapsulation of elderberry
extract as an alternative to gum Arabic.*®’

11.2.4 Thickening agents/texture
reviews have summarized how some galactomannans, such as
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guar gum,'*® locust bean gum,'*'”* and tara gum'”* are already
commercially used in the food industry as thickeners, binding
agents, and stabilizers. Therefore, other hemicelluloses as
thickeners/texture enhancers are described here.

Hemicelluloses also have the potential to replace fat as
a binding agent in foods to reduce their calorie content or to
improve the physicochemical properties of plant fats to create
vegan analogs to animal fats."”>""”* For example, glucomannan
was found to be a suitable fat replacer in cookies made from
dough contain cassava flour and soy protein.'”* Glucomannan-
coconut oil emulsions that were created using 3D printing may
have potential to be a plant-based replacement to animal fats.'”
Additionally, B-glucan improves the spreadability and texture of
reduced-fat cream cheese.'”®

Hemicelluloses can be used as substitutes for ingredients in
foods that certain persons choose to eliminate from their diet.
There has been a recent trend in plant-based, vegan diets and
a corresponding increase in plant-based alternatives to animal-
based products. For example, Highland barley B-glucan (HBG)
was used as a fat replacer in a plant-based cheese to investigate
whether it improves the viscoelastic properties, textural prop-
erties, and melting behaviour, when compared to the current
commercially available alternative, Violife.'”” HBG caused
improved stretchability of the plant-based cheese compared to
the Violife product, but it was outperformed by Cheddar
cheese.’”” HBG (10%) did not cause any significant improve-
ment in the melting properties compared to the Violife cheese,
but it improved the texture (gumminess, hardness) to be
comparable with Cheddar cheese.'”” Glucomannan (1.5%)
added to bread formulations improved the bread texture and
delayed bread staling.'”® Additionally, Porang (Amorphophallus
muelleri) tuber glucomannan may be a promising plant-based
alternative to gelatine.'”® Plant protein : KGM (80 : 20) gels that
were created using soy, pea, or peanut protein showed prom-
ising results that support their use in plant-based foods.*** One
study found that soybean protein isolate:coconut o0il:KGM
composites could be an acceptable alternative to pork fat.*** -
glucan can fortify plant-based highland barley milk, with the
added benefits of improving the physicochemical properties
and stability of the milk."*'** Tamarind seed galactoxyloglucan
and KGM have been used to create oleogels (edible oil gels) that
could be used as a fat replacer.’®*'*> Furthermore, honey locust
(Gleditsia triacanthos) gum (which is composed of gal-
actomannans) showed comparable results to guar gum when
used as a natural texture enhancer in gluten-free bread.'®
Additional studies on honey locust gum, which have recently
been summarized, highlight its future potential in the food
industry."®”

The gelling properties of hemicelluloses make them ideal for
stabilizing protein-based products. For example, hemi-
celluloses can stabilize the myofibrillar protein network in fish
and animal meat. This allows them to be processed in
a healthier manner with lower salt content or to improve the
texture for consumption by elderly persons with dysphagia.*s®**°
This property also can be exploited in creating plant-based meat
analogs, where hemicellulose-protein composites are used to
mimic the texture of meat.”® For example, KGM was added to

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

View Article Online

Sustainable Food Technology

plant-based fishball (PFB) seafood alternatives and it was found
that, by cross-linking with the soy protein in the PFB, there was
enhanced texture and rheological properties of the product.**
Additionally, hemicelluloses can be used to formulate
composite hydrogels that can be used as a delivery vehicle for
nutrients, flavours, or bioactive compounds in functional foods.
Sorghum arabinoxylan and soy protein isolate were used to
fabricate functional edible hydrogels.*> Oat and cereal-based -
glucans are used as gelling agents to improve the texture of
protein-based foods such as pea protein yogurt,"* walnut meal
flour,"* quinoa milk," and plant-based egg yolks made from
potato protein.*® The uses of cereal B-glucans as a gelling agent
in protein-based foods have been summarized recently.*””

12.

Hemicellulose is an underutilized biopolymer of LCB in
industry. However, with the increased push for zero waste and
biorefineries, hemicellulose can be used in all aspects of the
food production value chain from energy for plant operation to
food additives to packaging. While other biopolymers have been
used industrially at unprecedented rates for packaging, the
literature suggests that the commercialization of hemicellulose-
based products will continue to grow exponentially as novel
food additives.

It is expected in the future that there will be advances in the
hemicellulose extraction methods that can improve the
commercial viability of hemicellulose products. Current
methods of hemicellulose extraction require expensive purifi-
cation steps for use in packaging applications."®® Therefore,
hemicellulose packaging is less competitive that cellulose and
starch packaging.”® An alternative to improving purification
methods can be to consider using impure hemicellulose frac-
tions (which may also contain cellulose and lignin) which may
also have more nutritional value. For example, impure hemi-
cellulose fractions from oat bran processing can form stable
emulsions or suspensions with time, and these fractions are
also rich in phytochemical compounds that confer additional
health benefits."® A disadvantage of using impure hemi-
cellulose fractions as food additives is that it may not have the
quantities of hemicellulose compounds that can confer health
benefits, as stipulated by the U. S. Food and Drug Administra-
tion (FDA).

The current trend is that there will be a greater demand for
LCB as feedstocks for various industrial processes, and
a consequent increase in hemicellulose side stream fractions
that can be valorized to contribute to the circular economy.
Researchers have recently designed an improved process to
obtain valuable, food-grade sugars such as p-mannose, b-
galactose and p-glucose syrups from galactoglucomannan frac-
tions.**® Their innnovative industrial process has wide applica-
bility to a variety of hemicellulose side streams from
biorefineries and has the potential to be quite profitable. This
process can be coupled to already-existing industrial
processes.’ Future developments like these are expected to
boost the marketability and profitability of hemicellulose
products in the future.

Future vision in industry
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13. Conclusions

Biopolymers from underutilized, valorized, lignocellulosic
biomass are attractive, biodegradable substitutes to synthetic
polymers. The diversity of hemicellulose structures confers
a wide range of functional properties, which in turn influence
their practical applications. Extraction of high molecular weight
hemicelluloses, from a variety of ubiquitous sources, were
reviewed as stable, high-quality options for future research into
new product development using circular engineering and zero
waste technology. While de novo methods such as microbial
fermentation and polymerization offer high-yield alternatives,
extraction from bioresidues using the biorefinery concept is more
sustainable and environmentally friendly. The low molecular
weight, mechanical strength and hygroscopicity of hemi-
celluloses are the main impediments to their mainstream
applications. These challenges have been addressed by chemical
modifications, enzymatic modifications, addition of reinforcing
agents and biocomposites. While the extra step is an additional
cost to production, studies have demonstrated augmentation of
their biochemical properties, such as increasing antimicrobial
and antioxidant properties and stability. This has extended their
applications in the food industry to preservatives and vegan food
additives which can be stable over the shelf life of the product.
The packaging applications of optimized hemicellulose formu-
lations have extended from bioplastics to secondary packaging
such as smart packaging and edible films and coatings. The
trend in hemicellulose research in the food sector has moved
toward food additives and packaging.

Despite the plethora of benefits and applications of hemi-
celluloses, there is a gap that needs to be filled to realize the full
potential. Involvement of stakeholders at all levels, from farmers
to decision makers, is essential to mobilize research and devel-
opment to advance the circular economy and increase the market
for value-added hemicellulose-based products in the food
industry. An elastic assessment of the new infrastructure,
method standardization and sustainable processes, balanced
against potential green jobs and growing market share is needed
to increase industry and consumer reception. Future commer-
cialization efforts need to be supported with financial analyses to
examine the feasibility and profitability of scaling up industrially.
While there has been a plethora of studies that have investigated
the applications of hemicelluloses in the food industry, there is
a considerable lag in the commercialization of such technologies.
Most studies have investigated the effectiveness of a single
hemicellulose material or composite, as opposed to comparing
several different types of hemicelluloses on different types of food
products to determine a cost-effective, optimal formulation that
is compatible with a wide range of applications. There are several
published studies with different formulations available, but
future studies should seek to develop commercially viable solu-
tions that have a wider range of applications in the food industry.
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