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Abstract

In recent years, there has been a growing interest in the development of
sustainable alternative materials due to the environmental impacts related to
the high disposal of fossil oil-based products. In this regard, cellulose is a key
constituent and an attractive feedstock as one of the most abundant, cost
effective, renewable, and biodegradable biopolymers in nature. Cellulose is
characterized by noteworthy structure and properties due to its unique
molecular structure, consisting of a highly ordered polymer of cellobiose
unbranched chains of -1, 4-linked glucose units, which act as a framework
for the three-dimensional polysaccharide structure. The promising chemical
(such as hydrophilicity, chirality, degradability, and broad chemical
variability) and mechanical (non-toxic, biocompatible, renewable, and
biodegradable) properties of cellulose have aroused increasing interest as
building blocks for the development of new biomaterials, especially through
advanced nanotechnology tools, which enables further promotion of its
techno-functional attributes. Nevertheless nowadays, cellulose is isolated
from wood sources, and as structural plant component is much more difficult
to deconstruct. Indeed, its innate close polymeric alignment and its intimate
relationship with other lignocellulosic components such as hemicellulose and
lignin limit the accessibility to cellulose. A delignification process with
effective harsh acid or alkaline chemical hydrolysis treatment to split cellulose
and hemicelluloses from lignin is a crucial step and undoubtedly the most
challenging. However, these current methods are expensive and energy
consuming and utilize chemicals which entail special disposal, handling or
production procedures. Taking into account environmental sustainability, it is
counterproductive to combine energy-severe, wasteful processes on wood
sources.

In the context explained above, the works carried out during this Ph.D.
thesis have demonstrated that the process required to enhance cellulose
accessibility and recovery is strongly influenced by the nature of the native
biomass. Consequently, agri-food residues/by-products (AFRs) represent a
new and promising feedstock for the development of new sustainable
processes to isolate cellulose established on nonconventional technologies
with low environmental and economic impacts and high efficiency,
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emphasizing the stringent need to also diversify and valorize the biobased
waste with circular economy strategies. In this context, high-pressure
homogenization (HPH), nonthermal and purely physical treatment, is here
exploited for the first time to increase the efficiency of mild chemical
hydrolysis processing for isolation of cellulose from agri-food residues
(increasing the cumulative yield extraction of about 20%), while leading to a
drastic reduction in the use of chemicals, shortening the processing times by
process intensification, enhancing purity, inducing a defibrillated cellulose
structure, are enabling the concurrent recovery of high-value-added bioactive
compounds with high antioxidant capacity in the side streams. Moreover, the
fluid-mechanical stresses (high shear, elongation, turbulence and
hydrodynamic cavitation) occurring during the HPH treatment, in
combination with mild hydrolysis, improved the cellulose defibrillation and
contributed to trimming down the length of the fibers. The comprehensive
utilization of AFRs feedstocks has attracted considerable interest also for the
development of new sustainable processes established on bottom-up green
constructing strategy. The work was undertaken for the recovery of the biofilm
by-product derived from Kombucha tea fermentation process using
micronized AFRs as carbon source in alternative to the conventional synthetic
media to decrease the culture media costs and enhance the yield production,
to obtain nanostructured cellulose with remarkable biological and physico-
mechanical properties. These isolation routes allowed the achievement of
cellulose pulp with tailored morphological properties from underused AFRs
feedstocks or by-products of fermentation processes (evaluated through light
scattering for particle size distribution, optical and scanning electron
microscopy, and FT-IR analysis), decreasing the severity of conventional
chemical processes and increasing the exploitation of low-cost industrial by-
products. From the overall results collected in this section, the efficient
cellulose extraction has been accomplished along with the valorization of the
value-added compounds still contained in the AFRs biomass.

To further improve the financial performance and sustainability of biomass
biorefineries, to develop more sustainable materials, and thanks to the
hierarchical structure of cellulose, the top-down processes have been
employed enabling the isolation of nanocellulose (NCs) into cellulose
nanocrystals (CNCs) or cellulose nanofibrils (CNFs), depending on the
treatment carried out and operating processing conditions. NCs can be
successfully obtained from AFRs isolated cellulose fiber through mechanical
(ball milling and HPH) and TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl) oxy
radical]-mediated oxidation processes or a combination of these methods. A
systematic characterization of the structural properties of the nanomaterials
obtained after each process revealed that different treatments allowed to
extract the cellulose nanoparticles with different morphological and physical
properties. Therefore, these findings demonstrated that NCs could be
successfully extracted from AFRs cellulose pulp, offering a sustainable
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alternative to conventional chemical procedures on wood sources, and
changing the process and/or its operating conditions it is possible to tune the
properties of nanoparticles, according to the desired end product and
application.

The final part of present study reported the feasibility of using NCs in
different innovative applications such as (i) Pickering emulsion stabilizer, (ii)
oil-structuring through capillary suspensions, (iii) decontamination systems of
dyes from wastewater, (iv) reinforcement in edible coatings, and (v) network
structure to capture CO» via covalent bonding.

In summary:

1.

ii.

ii.

1v.

The morphological structure of mechanically pre-treated NCs
exhibited high mobility and flexibility at the oil-water interface,
resulting in an efficient emulsifying ability at different environmental
stimuli, with the fibrils wrapping around the oil droplets for their
stabilization. Remarkably, the high defibrillation degree of NCs
obtained via HPH contribute to forming an interconnected network
structure of the emulsion droplets, promoting their efficient steric and
electrostatic stabilization.

The HPH mechanical treatment can be applied to the lignocellulosic
particles directly in oil, to efficiently cause particle break-up, and, at
the same time, to induce the activation of fibers, which is important
in the formation of capillary bridges and a three-dimensional network,
to regulate the apparent viscosity and yield stress of the capillary
suspension, when water as secondary fluid is added. Therefore, oil
structuring with lignocellulosic particles treated by HPH may support
the development of more sustainable and health-beneficial oleogels in
replacement of solid fats, enabling to reduce of the caloric content,
increase the dietary fiber content, as well as exploit the recovery of
valuable bioactive compounds still present in the residues. Moreover,
the antioxidant compounds released in the suspension allow reducing
the oxidation of sunflower oil used in the capillary suspensions due to
the water addition.

Low-density and high porosity NCs-based aerogels have been
successfully obtained and considered promising adsorbent materials
for wastewater treatment, owing to their low-cost and high adsorption
capacity. Indeed, NC-based aerogels have a high adsorption capacity
for methylene blue, which could be ascribed to the internal porous
structure and the electrostatic interaction between NCs and cationic
dye molecules. In particular, they exhibited a methylene blue capacity
removal equal to or higher than 90%.

An exploratory study of sodium alginate-based edible coatings
reinforced with bacterial NCs on strawberries' shelf life was also
conducted. The developed edible coatings contribute to prolonging
the shelf life, by reducing the growth of the endogenous microbial
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flora (total microbial load, yeasts, and molds) over 27 days at
refrigerated conditions in comparison with the control.

The optimization of amination to functionalize NCs was
experimentally investigated, and the aerogels synthesis was achieved
by freeze-drying technology. The as-prepared aerogels show the
potential for substantial adsorption of CO,, offering new opportunities
for the design of novel functional biomaterials with controlled
properties.

This Ph.D. thesis demonstrates the possibility of developing and tailoring
the properties of physically or chemically modified NCs by different
sustainable approaches. Therefore, this thesis is aligned with the importance
of circular economy with the exploitation of AFRs and developing innovative
and environmentally friendly processes and (nano)materials.
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Highlights

1. Mild chemical and mechanical treatments represent a promising strategy
to isolate cellulose from agri-food residues and to obtain nanostructured
celluloses with tailored structure (ranging from nanofibrils to nanocrystals) by
simply controlling the process intensity. These tailored structures can be
exploited for controlling the techno-functional properties of nanocellulose.

2. Key role of nanoparticles on the stabilization of Pickering emulsions
against environmental stimuli have been demonstrated. Rational combination
of nanocellulose allows designing tailor-made emulsions of interest for the
food or cosmetic industry.

3. Edible oleocolloids are obtained using agri-food residues as gelator and
water as the secondary fluid through a purely physical and nonthermal
process. Wheat middlings particles, micronized directly in oil through high-
pressure homogenization, form a 3D network sustained by capillary forces
upon water addition, with the strength of the oleocolloids that could be
modulated by the water phase.

4. High-quality (ligno)cellulose nanofibers from barley straw by-products
could be used for the production of nanocellulose-based aerogels as efficient
bio-adsorbent for dye removal from wastewater.

5. Reinforcement of edible coatings with microbial nanocellulose-
contributes to enhance the coating properties, as well as to increase of shelf
life and the quality of strawberries.

6. Amine-functionalized nanocellulose shows promising ability for carbon
dioxide (CO;) adsorption, which could be one of the favorable alleviation
approaches for global warming.

Keywords

Agri-food residues; Bioactive compounds; Cellulose; Nanocellulose;
High-pressure homogenization; Ball milling; Pickering emulsion;
Oleocolloids; Capillary force; Aerogels; Wastewater treatment; Edible
coating; Shelf life; Amine modification; CO, capture.
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Chapter I
State of the art

1. Introduction

As the awareness of our impact on the planet increased, the demand for
new sustainable materials has grown rapidly in recent years, as evidenced by
the UN agenda 2030 [1]. One of the compounds that has the potential to be
used for developing high-performance functional composite materials is the
lignocellulosic biomass. Lignocellulosic biomass is the most abundant
renewable biomass on Earth, with approximately 200 billion tons per year of
lignocellulosic biomass supply by worldwide from the forestry residue and
agricultural wastes [2-6]. Lignocellulosic biomass is composed of cellulose,
hemicelluloses, and lignin, as well as other minor components. Cellulose is
the most abundant renewable organic carbohydrate polymer produced in the
biosphere and widely distributed in higher plants, in several marine animals,
and, to a lesser degree, in algae, fungi, bacteria, invertebrates, and even
amoeba [7]. Cellulose is characterized by noteworthy structure and properties
due to its unique molecular structure, consisting of a long chain of highly
ordered polymer of cellobiose unbranched chains of B-1, 4-linked glucose
units, which act as a framework for the three-dimensional polysaccharide
structure [8]. The promising chemical (such as hydrophilicity, chirality,
degradability, and broad chemical variability) and mechanical (non-toxic,
biocompatible, renewable, and biodegradable) properties of cellulose have
aroused increasing interest as building blocks for the development of new
biomaterials, especially through advanced nanotechnology tools, enabled
further promotion of its techno-functional attributes [9].

In the global scenario, among the available sources of renewable feedstock
for cellulose isolation, lignocellulosic biomass, including agricultural
residues, stands out. In contrast, the use of the vastly available by-products
and wastes, also known as agri-food residues (AFRs), is currently mainly
limited to livestock feed, providing a limited added value, or landfill or energy
production by combustion, causing potential environmental issues [10].
Therefore, new strategies for the exploitation of AFRs represent a great
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opportunity for more sustainable routes for the recovery of high value-added
compounds, as well as for mitigating their environmental burden [11].

2. Agri-food residues (AFRs) and biorefinery processes

Along the whole food supply chain, 931 million tonnes of food waste were
generated in 2019, 61% of which came from households, 26% from food
service, and 13% from retail. This suggests that 17% of total global food
production may be wasted (11% in households, 5% in food service, and 2%
in retail) [12]. Food loss and waste are a big source of greenhouse gas
emissions, making them a major contributor to the three planetary crises of
climate change, nature and biodiversity loss, and pollution and waste. This is
why Sustainable Development Goal 12.3 aims to halve food waste and reduce
food loss by 2030. In particular, the wastage of resources (food, water, and
energy) is related to the production-consumption chain (Figure 1.1):

e Food loss is the decrease in the quantity or quality of food discarded,
incinerated, or otherwise disposed of along the production,
postharvest and processing stages;

e Food waste refers to the decrease in the quantity or quality of food
resulting during the retail and final consumption stages from the
decisions and actions by retailers, food service providers, and

consumers.
Food losses Food wastes
% .—\§~ - RESTAURANTS
= FIRST INDUSTRIAL
PRODUCTION A e DISTRIBUTION
PROCESSING  PROCESSING
DOMESTIC
CONSUPTION

Figure 1.1 Food losses and food waste along the food supply chain.

The agricultural industry, in collaboration with the scientific community,
has directed efforts toward the design of appropriate methods for the
exploitation of AFRs to extract and purify high value-added compounds [13]
including dietary fiber, antioxidants, oligosaccharides, vitamins, pectin,
enzymes, pigments, organic acids inter alia, of special interest for innovative
applications in different fields (i.e food ingredients, nutraceuticals,
cosmeceutical, bioderived fine chemicals, biofuels, etc). It is currently known
that the full use of waste with functional properties could lead the food
industry to decrease residues and increase its profitability [14]. Therefore, the
partial (or even total) use of industrial and agricultural wastes not only is an
advantage from the environmental point of view, but it could also solve some
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economic issues. Indeed this leads to the minimization of residues by means
of waste treatment or management and to the development of high value-
added products that can provide better profits [15].

This valorization approach can be carried out together with other strategies
in a multi-product biorefinery, pursuing sustainable management of the AFRs
via the recovery of their main bioactive constituents [16]. The development of
an integrated biorefinery based on AFRs would allow to accomplish some of
the three dimensions considered on the sustainable development [17]:

o  Environmental sustainability, through the valorization of whole
residues based on the zero-waste concept;

e Economic sustainability, by means of manufacturing multiple high
value-added products which could enter different markets;

o Social sustainability, since this approach would benefit different
sectors by means of the creation of qualified jobs and covering the
increasing demands of consumers in bio-based products.

In this scenario, the food waste biorefinery concept has gained prominence
in the last years and new technologies for the valorization of food waste have
been developed [18]. Phytochemicals/bioactive compounds extraction have
been widely studied and tested from different fruit and vegetable processing
wastes, such as those from:

e Grape pomace (grape skin, seeds, stems, and remaining pulp)
anthocyanins, procyanidins, flavonoids, and stilbenes with important
biological activities [19,20];

o Coffee spent grounds and coffee silver-skin active molecules [20-22];

e Olive oil industry by-products lignans, secoiridoids, and especially
hydroxytyrosol endowed with anti-inflammatory and antiplatelet
properties [23,24];

e C(Citrus pomace hydroxycinnamic acids and flavonoids, mainly
flavanone glycosides, flavanones, and flavone aglycons [25-27];

e Pomegranate by-products ellagitannins punicalagin and punicalin,
endowed with very high antioxidant potency [26,28,29];

o Apple pomace quercetin glycosides, kaempferol, catechin,
procyanidins, and especially the dihydrochalcone phlorizin
[25,26,30,31];

e Skin, leaves, and bulbs of onions quercetin, kaempferol glycosides,
and anthocyanins [25,32];

e Carrot pomace hydroxycinnamic acid derivatives, particularly
chlorogenic acid [25,33];

e Potato peels phenolic acids and derivatives, especially chlorogenic
acids [25];

e Tomato pomace flavanones and flavonols, mainly quercetin, rutin,
and kaempferol glycoside derivatives [25,34];
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e Lignocellulosic AFRs, such as wheat straw [26], wheat bran [35] and
distiller's grain [36], sawdust [37,38], phenolic compounds, mainly
deriving from hydrothermal and/or autohydrolysis processing of
lignin.

Among the aforementioned pathways, the lignocellulosic matrix of plant
cell walls in these AFRs could be also used as a source for cellulose (or even
nanocellulose) isolation [15], due to their renewability, availability,
biocompatibility, and different awesome properties. Therefore, the usage of
residues would be an optimal sustainable and renewable source of cellulose
instead of wood sources, reducing at the same time the amount of generated
waste by food/beverage industries, diminishing their environmental impact,
and supplying an additional profit.

3. Cellulose and its nanostructures

In recent years, cellulose has received increasing interest as a renewable
raw material for producing biodegradable polymeric products and
contributing to replacing fossil resources, considering their depletion,
fluctuation in oil prices, and negative environmental impacts [39]. In the
global scenario, the use of the vastly available by-products and wastes, also
known as AFRs, is currently limited to livestock feed, providing a limited
added value, or landfill or energy production by combustion, causing potential
environmental issues [10]. By virtue of its abundance and very low cost, agro-
industrial waste possesses a high chemical, material, and energy potential
[40,41]. In the process, vast amounts of AFRs are being produced each year
that are used mainly as feed for livestock or agricultural supplements when
the lignocellulosic matrix of plant cell walls in these agricultural residues
could be used as a source of cellulose or even nanocellulose, for reducing
and/or mitigating the environmental impact.

3.1. Structure, chemistry, and properties

Cellulose is the most abundant carbohydrate polymer on Earth, with
approximately 10° tons produced annually [42]. On the molecular scale,
cellulose exhibits a unique structure. Specifically, the chemical composition
of cellulose is (Cs¢H10Os)n, where n is the degree of polymerization and
represents the number of anhydroglucose units, ranging from hundreds to
thousands or even tens of thousands. It is a highly ordered polymer of
cellobiose (p-glucopyranosyl-p-1,4-d-glucopyranose) chains, aggregated by
numerous strong intermolecular hydrogen bonds between hydroxyl groups of
adjacent macromolecules, forming cellulose microfibrils, also known as
elementary fibrils. As shown in Figure 1.2, these microfibrils are tethered
together by hemicellulose to microfibril bundles, and the resulting hierarchical
structure is surrounded by lignin and hemicellulose [43].
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Each monomer units bear three hydroxyl groups, whose ability to form
hydrogen bonds plays a major role in crystalline packing and govern the
physical properties of cellulose [44]. Moreover, the nucleophilic hydroxyl
groups can on the one hand be modified with electrophiles to increase the
functionality of cellulose; and on the other hand, they form inter- and intra-
chain hydrogen bonds. These hydrophilic interactions are, in combination
with hydrophobic interactions of the axial C-H bonds, the reason for the high
mechanical strength and the non-solubility of cellulose.

OH
" o Mo IR
C¢ Cellulose e o\?loﬂ"o
OH "
oM

CELL WALL

L/ Hemicellulose R(%E’-';:SEE‘.%:C)R

"

Figure 1.2 The hierarchical structure of lignocellulosic biomass with
cellulose surrounded by lignin and hemicellulose.

Cellulosic materials consist of disorganized amorphous and highly
ordered, crystalline regions, where crystalline regions have higher density in
comparison to amorphous regions. Crystalline and amorphous regions are
found in native cellulose fibers in variable ratios, as a function of the plant
species, with the growing conditions or the part of the plant. Since the
presence of crystalline and amorphous domains (Figure 1.3), cellulose
microfibers are potential points for chemical and biochemical attacks.
Research has established that the amorphous regions of cellulosic fibers are
more susceptible to enzymatic degradation, easily releasing the individual
crystallites under harsh acid treatment [45,46], and the highly ordered
(crystalline) regions can be extracted to obtain nanocrystals [47].
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Figure 1.3 Crystalline (—) and amorphous (=) regions of cellulose fibers.

Cellulose is characterized by noteworthy structure and properties [48].
This renewable natural biopolymer, together with the materials deriving from
it, has attracted considerable interest, especially for application in
environmentally friendly and biocompatible products and in foods [49,50].
Moreover, the unique molecular structure confers to cellulose unique
properties, such as hydrophilicity, chirality, degradability, and broad chemical
variability initiated by the high donor reactivity of the OH groups.

Cellulose isolation and modification, especially through advanced
nanotechnology tools, enabled the further promotion of its techno-functional
attributes [9]. Owing to their hierarchical order in a supramolecular structure
and organization given by the hydrogen bond network between hydroxyl
groups, nanoparticles can be efficiently isolated from cellulose [51] via
mechanical and chemical methods, or through their combination. The various
types of cellulose nanoparticles (also known as nanocellulose, NCs) can be
classified based on their shape, dimension, function, and preparation method,
which in turn primarily depend on the cellulose origin, the isolation and
processing conditions as well as the eventual pre- or post-treatments [52,53].
The physicochemical characteristics of cellulose at the nanoscale, such as high
specific surface area and aspect ratio, high crystallinity, purity, excellent
mechanical properties, and low thermal expansion and density [8,53-58], open
new prospects for NCs use in several fields, including biomedical,
environmental, and energy applications [59].
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3.2. Nanocellulose (NCs)

The cellulosic materials having at least one dimension in the nanometer
range, based on structure and particle diameters [60], are usually classified
(Figure 1.4) into:

e cellulose nanocrystals (CNCs), also referred to as nanocrystalline
cellulose (NCC) or cellulose nanowhiskers (CNWs);

e cellulose nanofibers (CNFs), also referred to as nano-fibrillated
cellulose (NFC);

e bacterial cellulose (BC).

CNCs and CNFs can be extracted through a top-down process, whereas
BC is synthesized through a bottom-up approach [61]. Although all types are
similar in chemical composition, they are different in morphology, particle
size, crystallinity, and some properties due to the different sources and
extraction methods (Table 1.1) [55,62].

CELLULOSE MICROFIBRILLS

| e —
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Figure 1.4 Schetlc representatio of NCs isolation an high—rsolution
TEM images of (a) CNCs, (b) CNFs, and (c) BC [63].
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Table 1.1 NCs production from wood and non-wood sources with different
isolation methods.

Source ?s/loel:ul:;)(:in of :)l"fy 11\)12s Main results Application Reference
Eucalyptus Enzymatic CNFs The CNFs present - [64]
kraft pulp hydrolysis a length 0f 294.0 +
combined with 66.8 nm and a
mechanical ball diameter of 24.0 +
milling pre- 4.3 nm, maximum
treatment degradation
temperature of
3474 °C  and
crystallinity index
is 82.75%.
Palm date Bacterial CNFs The diameter of  CNFs film [65]
fruits wastes, biosynthesis the CNFs scales in
fruits wastes, the range of 10 -
and 90 nm. The
sugarcane crystallinity index
molasses is 81 - 84%.
Corn  husks TEMPO CNFs The average Transparent [66]
wastes oxidation length of the CNFs membranes
combined with extracted is 150 +
mechanical 50 nm and the
HPH width ranged from
15-25 nm. The
crystallinity of
NCs is 64.5%.
Licorice TEMPO CNFs The CNFs have a Composite [67]
residues oxidation diameter of 273 + films
combined with 142 nm and the
enzymatic pre- crystallinity is in
treatment  and the range of 61.1-
HPH post- 81.4%.
treatment
Wheat straw, Sulfuric  acid CNFs CNFs from wheat Reinforcing [68]

kenaf, and
fax fibers

hydrolysis
combined with
ultrasonic
fibrillation

straw has particles
with a diameter of
10 - 45 nm, from
kenaf fibers 10 -
28 nm, and fax
fibers 15 - 65 nm,
while the lengths
of the fibers are up
to 10 pm. The
crystallinity index
is 73, 80, and 62%
for wheat straw,
kenaf fibers, and
fax fibers,
respectively.

fillers for paper
and cardboard



Oil palm
fronds leaves

Bamboo,
cotton linter,
and sisal

Eucalyptus
kraft pulp

Aspen wood

Jute, soft, and

hard spinifex
grasses

Yerba mate
residues

Sulfuric  acid
hydrolysis

TEMPO
oxidation
combined with
mechanical
HPH

Enzymatic
hydrolysis
combined with
HPH

TEMPO
oxidation

TEMPO
oxidation and
nitro-oxidation

Oxalic acid
hydrolysis

CNFs

CNFs

CNFs

CNFs

CNFs

CNFs

NCs formed have
diameters ranging
between 10 - 30
nm, crystallinity
index of 45.5%,
and degradation
temperature of 120
-450 °C.

The average
lengths of CNFs
extracted from
bamboo,  cotton
linter, and sisal are
755, 635, and 464
nm, respectively.
The widths of the
ranged from 5 - 14
nm depending on
the source. The
crystallinity index
is 60, 67, and 84%
for bamboo,
cotton linter, and
sisal, respectively.

The average
length of NCs
ranged  between
278 - 550 nm.

The diameters
CNFs are in the
range of 6-26 nm
and the
crystallinity index
is about 71 - 72%.

The mean width is
about 4.0 - 7.1 nm,
42 - 6.5 nm, and
44 - 7.0 nm for
jute, soft spinifex
grasses, and hard
spinifex  grasses,
respectively;  the
lengths are 1.4 -
32 nm, 1.5 - 39
nm, and 1.6 - 4.7
nm for jute, soft
spinifex  grasses,
and hard spinifex
grasses,
respectively.

CNFs diameters
are 11 - 15 nm,
aspect ratios (L/D)
12 - 24, and
crystallinity index
64 - 76%.

State of the art

Reinforcing
fillers for
nanocomposites

Composite film

Reinforcing
fillers for film

Composite film

Reinforcing
agent

[69]

[70]

[71]

[72]

[73]

[74]



Chapter I

Peach palm

Cotton  gin
motes  and
cotton  gin
waste

Oil palm tree
wastes

Bagasse
(sugarcane
wastes)

0Oil palm
trunk, banana
peel, and
coconut husk

Coir fibers

Panax
ginseng,
spent tea
residue,
waste cotton
cloth, and old
corrugated
cardboard
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Chemical
treatments
followed by
mechanical
grinding

Sulfuric  acid
hydrolysis with
and without
TEMPO
oxidation post-
treatment

Chemical
treatments

Enzyme
pretreatment
followed by
mechanical
grinding

Ni(IT)-catalyzed
hydrolysis

Chemical
treatments
combined with
ultrasonic
fibrillation

Sulfuric  acid
hydrolysis

CNFs

CNCs

CNFs

CNFs

CNFs

CNFs

CNFs

CNFs are 100 nm
wide, with high
crystallinity index
(49.8-54.5%) and

great thermal
stability.
CNCs obtained are

diameters lower
than 10 nm and
lengths of ca. 100 -
300 nm resulting
in high aspect
ratios (12 - 33).

The thicknesses of
the CNFs sheets
are about 150 nm
and a maximum
decomposition
temperature of 274
-297 °C.

The degree of
crystallinity
ranges  between
58.29 - 61.85%.
The average
diameter is
23.58+8.63 nm
and the length of
CNFs varies from
200 - 1,000 nm.

CNFs have a
diameter of less
than 100 nm
(ranging from 8.8 -
67.8 nm). The
gravimetric yield
ranges from 59.6-
86.2%, while the
crystallinity index
is about 79 - 91%.

CNFs show a
narrow  diameter
range of 2 - 4 nm
and a relatively
high crystallinity
of 54%.

The extraction
yield is 43.8, 24.6,
69.3, and 55.4%
for Panax ginseng,
spent tea residue,
waste cotton cloth,
and old corrugated
cardboard,

respectively. The

Composite
biopolymer

Cellulose
nanomaterials

Nanopaper/film

Reinforcement
agents in
composites

Reinforcing
agents

Reinforcing
agents
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Ginkgo
leaves

Banana peel
and bract

Eucalyptus
globulus

Corn and rape
stalk pulps

Eucalyptus
globulus

TEMPO
oxidation
combined with
mechanical
homogenization

Ball milling
assisted  ultra-
sonication

TEMPO
oxidation and
enzymatic
hydrolysis

TEMPO
oxidation
combined with
mechanical
homogenization

TEMPO
oxidation
combined with
mechanical
homogenization

CNFs

CNFs

CNFs

CNFs

CNFs

degree of
crystallinity is
62.2 - 83.6%. The
average width is
156 £ 4.5 nm,
30.5 £ 9.2 nm,
26.6 £ 13.1 nm,
and 46.2 + 7.2 nm
for Panax ginseng,
spent tea residue,
waste cotton cloth,
and old corrugated
cardboard,
respectively

The average cross-
sectional width of
NCs is about 5 nm

and the fiber
length is about 400
nm.

The diameter of
CNFs is in the
range of 100 nm,
the peak  of
disintegration
temperature is 346
°C, and the
crystallinity index
is 75.8%.

The average sizes
are 22.3 and 629.1
mn for diameter

and length,
respectively. The
yield of

nanofibrillation is
95.6 - 97.1% and
20.5 - 38.9% for
TEMPO oxidation
and for enzymatic
hydrolysis,
respectively.

The average
values of CNFs
yield are 55% and
30% for corn and
rape stalk pulps,
respectively. The
height of the CNFs
was 1 -2 nm.

The diameter is
between 8.7 - 14.1
nm and the yield
of nanofibrillation
is about 90 wt%.

State of the art

Adsorption
media

Biodegradable
polymer

Nanopapers

Paper additives

Fillers material
for paper
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[85]

[86]
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Sugarcane
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Linn.

Organosolv
Straw Pulp

Waste  pulp
residues

Gelidium
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algae

Corncob
residue
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Sulfuric  acid
hydrolysis

Acetic acid
hydrolysis

Sulfuric  acid
hydrolysis
followed by
ultrasound
treatment

Mechanical
disintegration

Sulfuric  acid
hydrolysis

Sulfuric  acid
hydrolysis

CNCs

CNFs

CNFs

CNFs

CNCs

CNCs

The average width
of CNCs is around
9.8 £ 6.3 nm, and
the average length
is 280.1+73.3 nm.
The crystallinity
index is 68.54%
and the rate of
degradation is
reached 268 °C.

CNFs have a mean
diameter of about
10 nm and a length
of about 10 pm,
The degree of
crystallinity is
54.67% and the
maximum
decomposition
temperature of 337
°C.

NCs have a
diameter of
particles in the
range from 10 - 40
nm and the rate of
degradation is
reached in the
temperature range
of 220 - 260 °C.
The crystallinity

degree is about
72.5%.

CNFs have a
diameter of 10-

100 nm  and
thermal stability of
303 - 320 °C.

CNCs have an
average diameter
and length of 21.8
+ 11.I nm and
547.3 £ 23.7 nm,
respectively. The
degree of
crystallinity is
about 73% and it
exhibits high
thermal stability
which started to
degrade at 261 °C.

The diameter and
length of CNCs
are 198 + 51 nm
and 5.5 + 1.9 nm,
respectively. The

Biomedical
application

Transparent
nanopaper

Nanocomposite
materials

Permeable
membranes

Reinforcing
agents for
nanocomposites
or nano-fillers
for polymer
matrices

Reinforcing
agents
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Sunflower

stalks

Pinecones

Garlic
residues

straw

TEMPO
oxidation and
pulp refining

Sulfuric
hydrolysis

acid

Steam
explosion

Mechanical
grinding
combined with
chemical
pretreatment

Sulfuric
hydrolysis

acid

CNFs

CNCs

CNFs

CNFs

CNCs

crystallinity is
63.8%, and CNCs
exhibited the best
stability with the
maximum thermal
degradation
occurring at 360
°C.

CNFs have thin
nanofibers (2.1 +
1.1 nm of
diameter) and the
highest aspect
ratio (about 438
nm of length) and
the crystallinity is
49.9%. The
maximum thermal
degradation

occurred between
330-340 °C.

Acicular structure
ranges from 5-10
nm in diameter
and 150 - 200 nm
in length, while a
69.8% of
crystallinity index.
The thermal
decomposition of
NCs is at 304 °C.

Fibers with an
average diameter
in the range of 5-
10 nm with a good

network. The
degree of
crystallinity is
93.7%

The synthesized
NCs fibers'

diameter is in the
range of 5 - 20 nm.

The crystallinity
index is 5-70%
and the thermal

stability is around
350 °C.

19.6 wt%
extraction of the
total amount of
cellulose. The
isolated CNCs
have a  broad
polydispersity,

with a diameter

State of the art

Nanopaper or

reinforce
polymer

composites

Reinforcing

agents

(93]

Reinforcing

agents

Reinforcing

agents

Reinforcing

agents

[94]

[95]
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between 4-7 nm
and a length
ranging from 400-
700 nm. The
degree of
crystallinity is
68.8% and the
thermal stability is
around 200 °C.

Rice straw, Sulfuric  acid CNCs Grains were Reinforcing [96]
wheat straw, hydrolysis fibrous in shape fillers for film
barley straw with a length of

120 - 800 nm and
width of 10-25
nm, crystallinity

index ranging
from 63.4 - 71%,
and yield
extraction of 64-
75 wt%.

Bamboo Microwave CNFs CNFs have a Reinforcing [97]
liquefaction diameter of 20-30 agents for
combined with pm, crystallinity thermally stable
chemical of about 67.4%, composites
treatment and and a maximum
ultrasonic decomposition
processes temperature of 374

°C.

3.2.1. Cellulose nanocrystals (CNCs)

CNCs (Figure 1.4a) are the mostly commonly used NCs, which are mainly
produced through chemical hydrolysis/heat-controlled techniques (with
sulfuric acid being the most utilized acid) of the amorphous section of
cellulose fibers [98]. Extraction of the crystals from cellulose fibers involves
selective hydrolysis of amorphous cellulose regions, resulting in highly
crystalline particles with source-dependent dimensions [99]. The specific
characterization depends on the process conditions and the source, but it is
possible to detect some common features. Important parameters that affect the
crystals’ properties are the shape and size. Different studies have
demonstrated, through specific test analysis on dimensions and morphology,
such as transmission electronic microscopy (TEM), that CNCs exhibit
elongated crystalline rod-like shapes or whisker shape with 2 - 20 nm in
diameter and 100 - 500 nm in length (Figure 1.4a), and have high rigidity
compared to nanofibrils because a higher proportion of the amorphous regions
are removed [100]. Moreover, thanks to the high crystallinity (around 54 -
88%), CNCs have high axial stiffness (105 - 168 GPa) [101], high Young’s
modulus (20 - 50 GPa) [102], high tensile strength (~9 GPa) [103], low
coefficient of thermal expansion (~0.1 ppm/K) [104], high thermal stability
(~260 °C) [105], high aspect ratio (~10 - 70) [106], low density (1.5 - 1.6
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g/em®) [107], lyotropic liquid crystalline behavior, and shear-thinning
rheology [108,109]. Analyzing the chemical composition, the presence of
hydroxyl groups on the surface makes them suitable for functionalization: this
process allows to change the electrostatic surface charge in order to enhance
the interaction with some chemical groups or provide a more efficient
dispersion in any solvent or polymeric matrix. The possible chemical
modifications are esterification (conversion of the hydroxyl group into esters
using acids), etherification (conversion of the hydroxyl group into organic
radicals), amidation (conversion of oxidized CNCs into amide), oxidation, and
so on [110]. Thanks to all these qualities, CNCs are considered a promising
material.

3.2.2. Cellulose nanofibers (CNFs)

CNFs (Figure 1.4b) are a bundle of stretched cellulose nanofibers having
both crystalline and amorphous regions of cellulose filaments, obtained
mainly through mechanical treatments, chemical methods, or through the
combination of chemical and mechanical treatments. The peculiar CNFs’
structure makes the analysis on dimensions quite hard, because it consists of
a complex network, so defining an average length or diameter is not
immediate. Furthermore, it exerts a high resistance to flow in aqueous
suspension, resulting in a gel-like behavior also at relatively low
concentrations (below 1 wt%), making it arduous to manage [111]. However,
it has been found that CNFs have, typically, a diameter of 5 - 50 nm and a
length of few micrometers [112,113]. These values are highly influenced by
the methods and pre-treatment used (more than CNCs). The presence of
amorphous regions makes the structure more flexible and suitable for many
applications. The flexibility depends on the degree of crystallinity that affects
the mechanical properties of the particles and on the contribution in the matrix
in which they can be dispersed. The use of chemicals, acid above all, increases
the crystallinity because they cause the separation of the amorphous parts
[114]. The fibrils, at the end of the process, have a high self-assembly
capability due to the exposure of some chains after the stretching [115].
Another important characteristic of CNFs is the high thermal stability, due to
the absence or mild use of chemical reagents (in the case of chemical pre-
treatments) that results in a not-so damaged, highly compact structure [116].
CNFs are extremely interesting in technological terms, because they combine
in a good way the properties of cellulose and the advantages of nanometric
scale, keeping more or less the same structural characteristics with better
results because of the higher contact surface area, and also because the
extracting methods have a mild environmental impact.
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3.2.3. Bacterial cellulose (BC)

BC (Figure 1.4c¢) is naturally produced by several bacterial genera. More in
detail, BC is obtained by cultivating bacteria for a few days in an aqueous
culture media containing glucose, phosphate, carbon, and nitrogen sources
[117]. The cell membrane of the bacteria used to produce BC is composed of
a cellulosic network structure of ribbon-shaped fibrils that are less than 100
nm wide, assembled from bundles of much finer nanofibrils [118], with a
diameter of 2 - 4 nm. The fibrils are fairly straight and continuous and have
low polydispersity in terms of their dimensions. The structural characteristics,
as well as physico-mechanical properties of BCs strictly depend on the
microbial strain type, the synthesis method (cell and cell-free system), and
culture conditions. The bundles exhibit excellent intrinsic properties owing to
their high crystallinity (84 - 89%) [119]. Along with an elastic modulus of 78
GPa, BC is reported to have high water holding capacity and a molecular
weight up to 8000 Da [120].

4. Conventional chemical techniques for NCs isolation

Cellulose can be isolated from several vegetal natural fibers, which can be
classified into bast fibers (jute, flax, hemp, ramie, and kenaf), leaf fibers
(abaca, sisal, and pineapple), seed fibers (coir, cotton, and kapok), core fibers
(kenaf, hemp, and jute), grass and reed fibers (wheat, corn, and rice) and all
other types (wood and roots) [121]. Nevertheless, to assess the human activity
as feed-stock selection, cellulose sources can be classified as shown in Figure
LS.

e  Primary source for the cellulose fiber isolation, such as fibers for
textile or paper, wood for building, industrial crops for bioethanol;

e Secondary source 1is the non-processed by-product from the
transformation process in the food industry or residue from
agricultural/forestry activities, such as bark, straw, leaves, and husks;

o Tertiary source is the waste from the use, transformation, and
conversion of cellulosic biomass, such as pulp, bagasse, and food
residues.

Most of the time, primary sources have been used for the production of
CNFs and CNCs; however, recently, the interest has focused on the other two
sources. For these reasons, the conventional chemical/enzymatic treatments
for the isolation of NCs from wood sources are well-established top-down
processes. The major differences between woody and non-woody biomass are
their physical properties and chemical compositions, and accordingly the
treatments for (nano)cellulose isolation vary with the raw materials used.
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Raw materials (St RS IR Processed wastes
: 2 j [
Wood (pine, ‘ o Sugarcane/beet pulp

spruce, fir) bagasse, pulp and

Natural fibers Sources peper effluents,

(cotton, jute, sisal, processing  wastes
for cellulose

bamboo,) isolation from food and

Alternative beverage industries

sources (tunicates,
algae, bacteria)

Non processed wastes
Straw, bark, husk,
shells, leaves
Figure 1.5 Cellulose sources classification based on the activity from which
is obtained.

The conventional production of cellulose nanoparticles requires previous
treatments of the feedstock (Figure 1.6), which follow these steps:

o Delignification or pulping process. In most cases, this step is
mandatory as it allows removing as much as possible of the non-
cellulosic components, i.e. hemicelluloses, lignin, and pectin.
Usually. This process implies the thermochemical treatment of the
cellulosic fibers, with different chemicals, such as NaOH [88-90],
KOH [42,125], steam explosion [126], and organic solvents [93-95],
with different treatment severity in terms of operating temperature
and time. It can be mechanically assisted, such as with microwaves
and/or ultrasounds treatments [130-132].

e Beaching or purification process. This step is necessary to remove
lignin and obtain a more homogeneous final product. In most of cases,
it consists of single or multiple steps of chlorine treatment in acid
conditions at high temperature [133,134]. Moreover, the bleaching
step of cellulose fibers not only enables to remove lignin but leads to
a reduction in their diameter, and an improvement in their properties
(crystallinity, modulus, aspect ratio, and surface area). The main
drawback of this procedure is that it is not environmentally adequate.
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Figure 1.6 Conventional processes of NCs biorefinery: from the agricultural
and industrial residues to the cellulose nanoparticles.
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After the transformation processes of lignocellulosic biomasses for the
isolation of cellulose, the glycosidic bonds have to be broken down to obtain
the nanodomain of cellulose. Generally, the processes of NCs production are
based on chemical or enzymatic hydrolysis. However, the choice of process
depends on the type of NCs being prepared, i.e., CNFs or CNCs, since the
route through which NCs are isolated has a large effect on the morphology
and chemical and mechanical properties of the obtained nanomaterials.

4.1. Chemical methods

Chemical hydrolysis offers great advantages to produce CNCs by partially
breaking the glucosidic bonds [135]. Chemical hydrolysis involves acid
hydrolysis, TEMPO hydrolysis, esterification, etherification, and amidation.
Chemical treatments have shown great promise in biomass solubilization
because (i) it requires a simple device; (ii) it has ease of operation; (iii) high
conversion efficiency, and (iv) relatively low costs.

4.1.1. Acid hydrolysis

Acid hydrolysis is the oldest and most efficient chemical method for the
production of NCs from cellulosic materials. This is because acids are capable
of hydrolysing the hemicellulose portion and redistributing the lignin of the
plant material, hence improving cellulose extraction [136]. Here, the acid
easily dissolves and removes the amorphous region while the crystalline parts
are retained [137]. Figure 1.7 shows that the hydrolysis of cellulose begins
with the reaction of acidic proton and oxygen that bonds two glucose units,
forming the corresponding conjugated acid. Then, a cleavage of the C-O bond
occurs, and a cyclic carbocation is formed. During the final step, after a rapid
addition of water, a glucose molecule is formed, and a proton is released

wm\a—*w TR,

Cellulose 1

o oH . OH
ﬂ : 7 OH - H20 7#0' mﬂ/
R/o o + H — ./0 s O/ HO . O\‘R
OH oH OH
Glucose

Figure 1.7 Mechanism of acid hydrolysis of cellulose for NCs production.

HCl, H,SO4, HBr, and H3;PO. are generally utilized for chemical
hydrolysis; however, H,SO4 is mainly used because it can strongly improve
the isolation of CNCs as well as make the NCs dispersed as a stable colloid
system because of the esterification of the hydroxyl group by sulfate ions
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[138]. In this process, the reaction time and temperature, with the type of acid
and concentration, affect the size and morphology, as well as the properties of
NCs [62].

The main drawbacks and limitations of this method are the production of
acidic wastewater, the high-water usage to neutralize the pH of NCs
suspension, long processing time, high operational and maintenance costs,
risk of equipment corrosion, the formation of inhibitors, and not being
environmentally friendly [139].

4.1.2. Alkaline treatment

Alkali treatment is another chemical method to isolate NCs, which is
considered less toxic and hazardous then acid treatment. Among different
alkalis such as calcium hydroxide, potassium hydroxide, and ammonia,
sodium hydroxide is the common alkali used for biomass treatment because it
causes the breakage of intermolecular a- and B-aryl ether linkages between
hemicellulose and lignin [140]. The hypnotized mechanism of alkaline
hydrolysis is shown in Figure IO.HS.
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Figure 1.8 Mechanism of alkaline hydrolysis of cellulose for NCs production
[141].

0,

The alkaline digestion process used as pre-treatment prior to acid
hydrolysis targets the glycosidic side chains and esters, and this is followed
by lignin removal, mercerization, and partial recrystallization of cellulose
[139]. As a result of the partial elimination of hemicellulose and significant
delignification, and the removal of ash and other cellulosic constituents by the
alkali treatment, the resulting micro-fibrillated cellulose is more crystalline
than the starting raw material. The alkali treatment enabled to [142] (i) swell
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cellulose; (i) increase the internal surface area; (iii) decrease the degree of
polymerisation and crystallinity of cellulose; (iv) partially solvate the
hemicellulose; (v) destroy the structural linkages between lignin and
carbohydrate by saponification of intermolecular ester bonds; and (vi) disrupt
the lignin structure by breaking its glycosidic ether bond.

However, the main disadvantages related to this pre-treatment are the
black-generated hydrolyzate and processing time.

4.1.3. TEMPO-mediated oxidation

TEMPO-mediated oxidation is another conventional chemical method to
produce NCs from lignocellulosic materials. In this technique, the oxidising
agent 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) in water is
commonplace to catalyse the regioselective conversion of primary hydroxyl
groups on C-6 into aldehyde groups and carboxyl groups. The TEMPO-
mediated oxidation treatment is generally carried out in the presence of
sodium hypochlorite (NaClO) as the primary oxidant agent and sodium
bromide (NaBr) as catalysts under alkaline conditions (pH ranged between 9
and 11) [143]. After the reaction, the aldehyde groups formed as intermediates
always remain in the oxidized NCs [144]. These aldehyde groups are
thermally unstable and cause discoloration of the oxidized celluloses when
heated or dried at more than 80 °C. Moreover, the residual aldehyde groups
disturb the dispersion of the oxidized celluloses as individual fibrils in water
by the partial formation of hemiacetal linkages between the fibrils [143]. The
chemical mechanism of TEMPO oxidization of cellulose is illustrated in

Figure 1.9.
7:N:K
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Figure 1.9 Mechanism of TEMPO-mediated oxidation of cellulose for NCs
production [145].
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The TEMPO oxidation method has low energy consumption, simple
operation, and mild reaction conditions [146]. However, it has several
drawbacks, such as limited oxidation position and toxic reagents [147], since
the TEMPO system contains hypohalite that can generate chlorine, extremely
harmful to the environment.

4.1.4. Ammonium persulfate oxidation

Ammonium persulfate (APS) oxidation is another chemical method
utilized to produce NCs. Because of its low toxicity and high solubility in
water, APS has been recognized as a viable candidate to be utilized for
producing H,O, and SO4*" free radicals at acidic medium and high operating
temperature, which are effective in solubilizing the amorphous portion of
cellulose, and lignin content [148]. APS decomposes in aqueous solution
through two reaction pathways that occur simultaneously (Figure 1.10). The
homolysis of the peroxide bond in ammonium persulfate using heat activates
the S;0s anion. The fast decomposition of the peroxydisulfate forms the
sulfate-free radical (SO4¢”), which penetrates the amorphous region of the
cellulose chain to co-hydrolyze the [B-1,4 bond between glucose units,
reducing the overall chain length and increasing the crystallinity of the
nanofiber. The subsequent decomposition reactions are the rapid formation of
hydrogen sulfate (HSOs), sulfate-free radical (SO4¢”), and peroxyl radical
(HOe¢). The sulfate-free radical oxidizes the C6 to its aldehyde form, followed
by peroxyl radical oxidation to form carboxylic acid groups on the nanofiber
surface. The by-product of the oxidation reaction is the formation of sulfate
ions and sulfuric acid [149].

CH,OH
o
o_KOH

OH
(1) s20¢" H_eat. 250;

(2) 5209 + 2120 PH1O L o0s4 HSO

OH

Figure 1.10 Mechanism of ammonium persulfate (APS) oxidation of cellulose
for NCs production.
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APS is economical, selective for cellulose, and environmentally safe;
however, the oxidation process requires long processing time. This is the
major disadvantage, which limits the APS oxidation utilization in the
industrial-scale production of NCs.

4.1.5. Ionic liquid method

The ionic liquids (IL) are liquid salts composed of an organic cation and a
nonpolar or organic anion at room temperature or near room temperature.
Ionic liquids have special properties such as non-flammability, high chemical
and thermal stability (Tdecomposition > 200 °C), low melting point (Tmelting point <
100 °C), good solubility in polar and non-polar solvents, very low or even
negligible vapor pressure, and easy recovery [150-152]. Dissolution of
cellulose in IL (Figure I.11) is favorable on account of the capability of ILs to
form strong hydrogen bonding between equatorial hydroxyl groups of
cellulose and anions of IL [153] and coulombic interactions [154]. Such
interactions between IL and biomass have been shown to cleave the
lignocellulose polymer network and effectively isolate hemicellulose and
lignin from the complex [154,155].
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Figure 1.11 Mechanism of dissolution of cellulose in ionic liquid for NCs
production.

The cost of ILs is an important consideration for industrial applications.
The recovery and reuse of ILs are very crucial for the practical employment
of ILs based technology. Therefore, the high cost and toxicity of ILs have
unfortunately limited their commercial implementation.
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4.2. Enzymatic methods

Chemical hydrolysis processes are the most widely employed methods for
obtaining nanosized cellulose. Nevertheless, as highlighted in the previous
sections, these procedures have some drawbacks, mainly related to the
environmental aspects, long processing time, and high amount of water
required in the neutralization steps. In this scenario, another emerging
possibility for producing NCs is the use of enzymatic hydrolysis, which is a
promising environmentally-friendly and sustainable process. Enzymes, such
as ligninase, xylanase, and cellulose, are used to modify and/or degrade the
lignin and hemicelluloses contents while maintaining the cellulose portion
[156]. On the other hand, as for acid hydrolysis, the enzymatic process mainly
utilizes the selective action of cellulose on the glycosidic bond in the
amorphous region to hydrolyze the NCs [99], as shown in Figure 1.12.
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Figure 1.12 Mechanism of the enzyme-catalyzed hydrolysis for NCs
production [157].

Although this route is advantageous since the enzymatic hydrolysis is not

corrosive and could be carried out at room temperature, the cost of enzymes
and long processing time may be inconveniences [140].
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4.3. Biological methods

Biological treatment for the isolation of NCs requires the use of a
biological reaction by microorganisms (i.e. bacteria and fungi) or the direct
use of cellulosic enzymes to hydrolyse or break down the structure of
lignocellulosic biomass [139]. The principal source of microorganisms
archetypally used is the soft-rot fungi, brown-rot fungi, and white-rot fungi,
as well as bacteria from the genera of Acetobacter, Alcaligenes, Sarcina,
Agrobacterium, Rhizobium, or Pseudomonas [25]. White-rot fungi are
microorganisms most effective since are effective degraders of lignin and
hemicellulose. The NCs isolation via fermentation can be obtained with the
usage of yeasts, single-cell organisms that convert carbohydrates into alcohol.
Out of 45 yeast strains, three strains (UBU-SK6, UBU-JKS8, and UBU-JK9/1)
showed the highest cellulose-degrading capabilities in the solid medium
[158]. To improve the isolation of NCs through degradation and the
crystallinity of obtained nanomaterial, enzymatic hydrolysis can be combined
with a bacterial enzyme cocktail [159].

The main advantages of the biological treatment for NCs isolation are the
(i) reduction of the bioconversion cost; (ii) decrease in contamination
probability of microbes; (iii) improvement of the mixing rate; and (iv) increase
in the kinetics [160]. However, the disadvantages of this method are related to
the high cost and slower procedure to respect to chemical methods.

5. Innovative and “hurdle” approaches for NCs isolation

Several processes have been widely used to extract NCs from cellulosic
materials, as described in detail in the previous sections. All these methods
lead to different types of nanofibrillar materials, depending on the cellulose
raw material and on the disintegration process itself. Nevertheless, several
disadvantages are related to conventional chemical and enzymatic hydrolysis.

Innovative isolation processes of cellulose nanoparticles include physical
treatments, which apply a high shear force to cleavage the cellulose fibers in
the longitudinal axis, resulting in the nanofibrillated cellulose [56,156].
However, the NCs obtained by mechanical action have a large size and uneven
distribution [146]. Besides, energy consumption is another main drawback for
the production of CNFs by mechanical isolation processes [156]. Therefore,
the mechanical process is generally combined with other pre-treatment
methods, e.g., chemical and/or enzyme hydrolysis (Figure 1.13). It is worth
noting that appropriate pre-treatments (i) promote the accessibility of
hydroxyl groups; (ii) increase the inner surface; (iii) alter crystallinity; and (iv)
break cellulose hydrogen bonds, thus enhancing surface areas, and therefore,
boost the reactivity of the fibers [161]. Moreover, these pre-treatments allow
to reduce the energy consumption to an amount of 1,000 kWh/ton from 20,000
to 30,000 kWh/ton for cellulosic fibers [162].
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Figure 1.13 Conventional treatments and a combination of them with
mechanical processes to obtain cellulose nanoparticles.

5.1. Mechanical treatments

There are many mechanical methods to disrupt cellulosic fibers into NCs,
such as refining and homogenizing [162—165], microfluidization [166—168],
grinding [169], cryocrushing [170], and high-intensity ultrasonication
[171,172]. Figure 1.14 shows micrographs of NCs obtained by different

mechanical methods.
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Figure 1.14 Schematic representation of CNFs isolated by mechanical
treatment and the NCs micrographs obtained by different mechanical
methods: (a) homogenization [173], (b) microfluidization [174], (c) micro-
grinding [174], (d) cryocrushing [114], and (e) high-intensity ultrasonication
[173].

The main drawback related to the mechanical methods is the high
consumption of energy, which can cause a dramatic decrease in both the yield
and fibril length. Thus, a hurdle approach is proposed. Cellulosic biomasses
can be pre or post-treated by mechanical processes, which greatly enhance the
rupture of chemical bonds within the biomass polymeric network. These
destructive actions also beneficially create reactive centers on the surface of
the samples, which are prone to the next conventional hydrolysis but with a
lower amount of chemicals.

5.1.1. High-Pressure Homogenization (HPH)

HPH process is the leading mechanical method to recover NCs, and in
particular CNFs, from purified cellulose. The process includes pumping the
cellulose slurry at high pressure into a vessel through a very small nozzle (at
micron size), resulting in acceleration and depressurization of the fluid and the
breakage of the jet [175]. The fluid-mechanical stresses on the cellulose
biomasses occurring within the interaction chambers during HPH treatment
were previously reported to induce (i) a significant reduction in particle size
[11]; (ii) an increase in the surface area [116]; as well as (iii) the disruption of
the well-arranged cellulose-hemicellulose-lignin complexes, causing what is
referred to as fiber activation or cellulose defibrillation [117]. High velocity
and pressure (Figure 1.15) as well as impact and shear forces on fluid generate
shear rates, turbulence, and hydrodynamic cavitation in the stream [176] and

27



Chapter I

decrease the size of the fibers to the nanoscale [177]. The pressure applied is
in the range of 50 - 200 MPa while the diameter of the nozzle is about 5 - 20
um, according to the viscosity of the suspension.
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Figure 1.15 Velocity and pressure changes along the HPH valve.

HPH, thanks to these several disruptive forces, partially disintegrates the
structural organization of cellulosic materials and the obtained fibers have
diameters between 20 and 100 nm and lengths of several micrometers [178].

In spite of the good results, the simplicity, and the eco-friendly process
without the use of any organic solvents, the NCs isolation through HPH
presents some drawbacks, such as the clogging of the narrow gap, high-energy
consumption and mechanical damage of the crystalline microfibril structure.
In fact, the CNFs isolated through HPH treatment generally exhibit low
crystallinity than the starting cellulose, which was observed to decrease by
increasing the number of passes from 0 to 30 [156], due to the breakage of
intermolecular hydrogen bonds which leads to crystal collapse [179,180]. In
order to overcome the aforementioned drawbacks, the lignocellulosic
materials are generally pre-treated before the HPH process, such as acid
hydrolysis, TEMPO-mediated oxidation, enzymatic reactions, alkali swelling,
and the like, which can contribute to the removal of lignin and hemicellulose.

5.1.2. Ball milling (BM)

BM is a simple, fast, and cost-effective green technology with enormous
potential for the isolation of CNFs [181]. During the BM mechanical process,
cellulose is kept in a hollow cylindrical container that is partially filled with
balls of ceramic, zirconia, or metal [137,182]. This hollow cylindrical
container rotates and the high-energy collision between the balls disintegrates
the cellulose fibers [112,183]. More specifically, at the beginning the particles
get trapped on the ball surface; meanwhile, the deformation of individual
particles starts because of the compressive forces formed during the collision
of balls (Figure 1.16). As milling progresses, the energy required to break the
particle keeps increasing and attained the equilibrium between welding and
fracturing [184].
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Figure 1.16 Mechanical forces involved during high-energy BM process.

BM mechanical process is an effective method for NCs production,
especially in a wet state for maintaining the fibrous state and preventing
defibrillation to an amorphous one [185]. It is essentially a top-down
procedure, which fundamentally results in the cyclic deformation of the initial
cellulosic material, with subsequent degradation and rupture of the rigid
structure of the lignocellulosic biomass [139]. Therefore, the obtained NCs
exhibit a reduction in diameter, an increase in homogeneity, crystallinity,
electrostatic and thermal stability [152-155]. Ball size, ball-to-cellulose
weight ratio, grinding time, moisture content, and carboxylic charge can affect
the chemico-physical properties of isolated CNFs [137].

Despite its efficiency and environmentally friendly properties, high power
and energy consumption and the generation of a large amount of heat energy
during processing are the most important limitations of BM [139].
Consequently, to overcome this issue, several alternatives that combine two
different treatment methods were proposed: (i) high-intensity ultrasonication
[190]; (ii) bleaching by NaClO, and alkaline hydrolysis using NaOH and
KOH [191]; (iii) Al2(SO4); pre-treatment [192]; (iv) enzymatic pre-treatment
[193]; and (v) hydrothermal pre-treatment [194].

5.1.3. Microfluidization

Microfluidizer, another mechanical process similar to HPH treatment,
concomitantly uses hydraulic shear, impact, attrition, impingement, intense
turbulence, and cavitation, to affect size reduction [195]. The simplified
working principle of microfluidizer is shown in Figure 1.17. Microfluidizer is
composed of an intensifier pump, which accelerates under high pressure the
slurry into the interaction chamber, and an interaction chamber, in which
impact forces against colliding streams and the channel walls occur [166].
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Figure 1.17 Velocity and pressure changes and mechanical forces in the
microfluidizer valve.

This mechanical approach allows to defibrillate the fibers to nanoscale
dimensions, with several micrometers in length and less than 100 nm in
diameter [142,196].

However, this procedure uses a high amount of energy; combined
treatments have been recommended as a pathway to decrease the energy
consumption in the mechanical and furthermore decrease the amount of
chemicals used for bleaching during the manufacturing process [197].

5.1.4. Grinding

Another mechanical strategy to break up cellulose into nanosize fibers is
grinding. In grinding equipment, there is a static upper stone and rotating grind
stone at 1,400 - 1,500 rpm and the pulp slurry passes between these two stones
(Figure 1.18).

Figure 1.18 Mechanical forces involved during grinding process.

The mechanisms involved in grinder for NCs defibrillation are to break
down the hydrogen bond and cell wall structure by high shear forces and to
evaporate the water content and raise solid content (which caused to boost up
specific fibrillation energy) by heating generated from the friction of stones
[50,137,162]. As a result, the individualization of the pulp to nanoscale fibers
occurs from native cellulose fibers [162].
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Although grinding is an environmentally-friendly method for preparing
NCs, the disadvantages of this process are high-energy consumption,
overheating of raw materials, low recovery and low uniformity of NCs,
reduction in crystallinity, and possible structural alteration due to surface
oxidation [139].

5.1.5. Cryocrushing

Cryocrushing is another technique used for the mechanical fibrillation of
cellulose pulp. In this process, fibers are immersed in water, which is adsorbed
in the cellulose cavity. Water-soaked cellulose is then immersed in liquid
nitrogen, which solidifies the water content, and is subsequently crushed by
mortar and pestle [137,198,199]. The application of high-impact forces
(Figure 1.19) leads to the rupture of the cell wall due to exerting pressure by
ice crystals and thus, liberating CNFs [50,162].

High
shear
forces

Figure 1.19 Mechanical forces involved during cryocrushing process.

This process has a simple setup, does not require the use of organic solvent,
and there is no wastewater generation. Nevertheless, the drawbacks are high
cost, high-energy consumption, low recovery, and productivity with low
uniformity of NCs [139].

5.1.6. Ultrasonication (US)

US is a mechanical method for the disintegration of cellulose allowing to
reduce the diameter of the fibers, which exploited the hydrodynamic forces of
the high frequency (> 20 kHz) ultrasound with oscillation power without the
use of chemicals. During ultrasound treatment, acoustic cavitation (Figure
1.20) leads to a powerful mechanical oscillating power, resulting in the
formation, expansion, and implosion of microscopic gas bubbles and liquid
molecules when absorbed by the ultrasonic energy of high-intensity waves
[156,200,201]. In this way, the energy is transmitted to the cellulose chains,
causing in this way their disaggregation into smaller entities [202].
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Figure 1.20 Acustic cavitation phenomena involved during US process.

The NCs suspension produced by US treatment exhibited a reduction in
diameter, an increase in homogeneity, crystallinity, electrostatic and thermal
stability [203]. However, as all the aforementioned mechanical methods, US
involves high consumption of energy, generation of heat and noise, and is not
useful at industrial scale.

5.2. Effect of treatments on NCs isolation

In the present work, an overview of different alternatives of CNFs or CNCs
production pathways from different industrial and AFRs was proposed. A key
factor for the choice of treatment to be used is the morphology and therefore
the width and length of NCs to be obtained. To this purpose, Figure .21 is a
schematic representation of NCs size as a function of applied treatment.
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Figure 1.21 Dimensions of NCs produced through chemical, enzymatic,
and/or mechanical isolation approaches [204].
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NCs produced through mechanical methods have a large width with a
broad distribution: for instance, the NCs obtained from the HPH (even when
including the mechanical pre-treatments) exhibit a width span from 10 to
100 nm. Accordingly, a variety of pre-treatments (chemical or enzymatic)
have been utilized to accelerate the isolation process and to produce NCs with
smaller width. The main purpose of chemical pre-treatments is to remove
lignin and hemicellulose from the resources, to facilitate the isolation of
cellulose, and to destruct and/or defibrillate into cellulose fibers. Using similar
approaches, CNFs with width of 15 - 55 nm, were successfully isolated [205—
207]. Enzyme pre-treatment is another strategy to improve the isolation degree
by breaking non-covalent interactions presented in the amorphous structure of
cellulose. In this way, using for example endoglucanase hydrolysis and HPH
processing, CNFs with a width of 10 - 50 nm and several micrometers in
length have been successfully produced [208,209].

6. Surface modification methods of NCs

NCs is a nanometric material that can be obtained through sustainable and
environmentally-friendly processes, and which exhibits excellent intrinsic
properties, such as impressive physical properties, high mechanical strength,
renewability, biocompatibility, biodegradability, and transparency [210].
Despite all these aforementioned advantages, NCs exhibit limitations that
restrict its widespread applications, such as poor thermal stability and
interfacial adhesion [211], incompatibility with hydrophobic polymers
[212,213], and absorption of moisture [142,156]. Due to the abundance of
hydroxyl groups (OH) present on the surface [214], the NCs show a high
agglomeration tendency, resulting in larger particles, with less dispersion and
applicability difficulty [215].

One approach to overcome these limitations is the surface modification,
which is a method that can increase the NCs’ hydrophobic character and their
electrostatic stability [215]. The NCs surface modification can be classified in
(i) solvent exchange; (ii) physical modifications; and (iii) chemical
modifications, as shown in Figure 1.22.
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Figure 1.22 Surface modification of NCs with different routes.
6.1. Solvent exchange

The solvent exchange method is commonly used to modify NCs and to
prepare, for example, NCs-reinforced epoxy composites as bulk structural
materials. In this approach, a water-miscible solvent with a higher boiling
temperature than water (i.e. dimethylformamide, DMF), is added to water-
dispersed NCs, and then the solvents are removed under reduced pressure by
using a rotary evaporator to give a dispersion of NCs in the solvent (Figure
1.23). Then, a certain amount of epoxy material is added to the dispersion of
NCs in the solvent. The remaining solvent is finally removed by rotary
evaporation. In this way, an epoxy dispersion with a specific NCs content is
obtained [216].
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Figure 1.23 Schematic illustration of NCs modification through solvent
exchange.

Such a process drastically reduces the use of chemicals, does not degrade
the cellulose nanoparticles as compared to other methods, and simplifies the
modification process [217]. Nevertheless, the complete removal of the solvent
is extremely difficult, and the residual solvent may have adverse effects on
composite parts [216].

6.2. Physical modifications

To mitigate the aggregation of NCs, ensure the good stability, and enhance
their dispersion in non-polar polymer matrices, physical modifications have
also been applied as a simple and versatile route [215,218]. The physical
modifications alter the dispersion of the fibers, increasing their
hydrophobicity without generating covalent bonds [219]. There are many
different approaches to physically modifying cellulosic substrates.

6.2.1. Adsorption

The physical adsorption approach (Figure 1.24) has been used to modify
the surface of (nano)cellulose [220]. This process relies on physical
interactions between the adsorbed molecule (such as surfactants) and the
cellulosic substrate. These secondary interactions could be the affinity
between hydrophilic groups, the surface structure, electrostatic interactions,
hydrogen bond formation or Van der Waals interactions [221,222].
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Figure 1.24 Schematization of the adsorption mechanism for NCs
modification (adsorbed molecules @~ hydrogen bonds ——., covalent
boNds ).
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The physical adsorption can be further enhanced via electrostatic
interaction where a charged amphiphilic compound is adsorbed onto an
oppositely charged surface [223].

6.2.2. Plasma

Plasma is a widely used physical surface modification process for
polymeric materials. The plasma surface treatment is environmentally friendly
because it does not require the use of solvents [220]. Plasma, basically a glow-
discharge, is characterized by an electric discharge producing partially ionized
gas under vacuum at ambient temperatures. Therefore it causes only a surface
modification of organic substrates through altering the chemistry of a few
outermost molecular layers [224]. Plasma surface treatment is a cost-effective
and easy technique to run at industrial scale to modify surfaces for various
applications, and depending on the conditions and the plasma species, surface
properties, such as morphology, hydrophobicity, and adhesion can be altered
[225]. The increase in the NCs hydrophobicity, achieving a very high contact
angle, is depicted in Figure 1.25.
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Figure 1.25 Schematic representation of NCs surface modification using
plasma treatment.

6.2.3. Corona

The corona treatment is a low-temperature visible electrical discharge that
alters the properties of the treated surface. It causes surface oxidation of the
polymer that is activated, changing its surface energy [226]. The corona is an
easy-to-apply and low-cost technology that is frequently used by the
packaging industry to increase the surface tension and polarity of films in
order to improve their printing capacity, wettability, and adhesion properties
[227]. Corona discharge promotes, therefore, a drastic reduction in the contact
angle of water with the surface of the nanoparticles of cellulose fibers [228],
as schematically shown in Figure 1.26.
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Figure 1.26 Schematic representation corona treatment on NCs surface.
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6.2.4. Laser

Laser, acronym for Light Amplification by Stimulated Emission of
Radiation, is one of the most precise physical methods for surface
modification [229]. During laser treatment, very small, concentrated spots of
high-intensity light are produced, with a minimum heat release process. There
is an interaction between laser radiation and the substance during the
treatment, which can result in different effects depending on the fiber’s unique
chemistry and morphology [219]. For example, kenaf fiber bundles
undergoing laser treatment allow to increase the fiber-resin interfacial
bonding, reducing water absorption and therefore enhancing the durability and
properties of the composite. Meanwhile, at high fluence, it was observed the
appearance of small pores, cracks, or fibrils on the fiber surface after laser
treatment [230].

6.3. Chemical modifications

The chemical modification is characterized by the covalent attachment of
a polymer grafting onto NCs surface. This method changes the polarity of the
nanoparticle, allowing a wide range of applications [201]. Among the main
chemical modification, the most used are silylation, etherification, amidation,
acetylation, carbanylation, esterification, etherification, oxidation, alkali
treatment, and silynation. These last five chemical treatments are the common
methods for cellulose modification to prepare adsorbent materials.

6.3.1. Silylation

Silylation is a promising surface-modification route to introduce silyl
groups (R3Si) onto the surface of NCs, improving in this way the compatibility
of NCs with non-polar matrices [218]. Silanes are considered as effective
coupling agents as they have strong affinity for hydroxyl groups even at room
temperature [231]. The general formula of the silanes is (RO)3Si(CH)a-R ,
which shows two classes of functionality (i) RO = alkoxy groups, generally
methoxy and ethoxy, is involved in the reaction with the cellulosic substrate
to form a Si-O-fiber covalent bond (Figure 1.27) and give methanol and
ethanol as by-products during coupling reactions; (ii) R - amino; and others.
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Figure 1.27 Mechanism of silylation reaction with NCs.
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Owing to its simplicity, silylation was also exploited as an intermediated
step for further functionalization and modification: silanes were first
covalently grafted onto NCs and consequently served as reactive sites to attach
other compounds, such as fluorescent moieties [232] and alkene
functionalized through thiolene click chemistry [233].

6.3.2. Esterification

Owing to its ease and straightforwardness, modification of hydroxyl
groups present at the surface of NCs through esterification is widely used. The
hydrophobization of NCs can occur with an acid anhydride, an organic acid,
or an acyl halide leads to an ester group, as shown in Figure 1.28. There are
two acetylation mechanisms, including fibrous (heterogeneous) and solution
(homogeneous) esterification, that can be recognized depending on whether a
non-solvent is applied or not. Among all esterification reactions, acetylation,
i.e. the substitution of hydroxyl groups (-OH) present onto the surface of NCs
cellulose with acetyl groups (-COCHs;), is widely studied especially to
increase the NCs hydrophobicity and decrease in this way the water
absorption. Significantly then, the acelylation is used to prepare moisture-
resistant NCs composites [234]. Nevertheless, different objectives such as
dispersive/re-dispersive behavior improvement [196-199] and properties
enhancement [238] were reported as well.
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Figure 1.28 Schematic illustration of the surface modifications of NCs
through esterification reaction.

6.3.3. Etherification

Etherification is a cost-effective and highly efficient chemical modification
step of NCs to change properties and functions of lignocellulosic materials
[222]. The general formula of ethers organic compounds is R-O-R’, where R
and R’ represent the alkyl or aryl groups. Ethers can be classified into two
varieties: symmetrical ethers if R and R’ groups are the same on both sides of
the oxygen atom and asymmetrical ethers if they are different [239]. The
modification process through etherification (Figure 1.29) is simple and
proceeds generally by activating the fibers with an aqueous alkali hydroxide,
mostly sodium hydroxide, and converting indiscriminately hydroxyl groups
with monochloroacetic acid or its sodium salt to carboxymethyl moieties
[222].
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Figure 1.29 Etherification reaction of surface hydroxyl groups of NCs with
epoxypropyltrimethylammonium chloride.

Nevertheless, this process presents some drawbacks related to the use of
the toxic halocarbon reactant. In addition, the resulting CNFs are even more
hydrophilic than the original ones, which can be very limitation in applications
involving non-polar media.

6.3.4. Covalent graft copolymerization

The hydroxy groups of NCs can act as chemical handles. Due to this
uniqueness, small organic molecules can be grafted to NCs or a
macromolecular polymer can be grown from its backbone [218]. Polymer
grafting, characterized by covalent attachment, involves the reaction between
polymers with the reactive functional end groups present on the surface of
NCs, to improve the apolar character of nanoparticles. Surface grafting of
polymer chains is considered an effective and versatile method to achieve a
highly stable suspension in non-polar solvents because interfacial properties
can be tuned depending on the nature of the grafted polymers [53]. Polymer
grafting can be performed by means of various polymerization techniques, as
represented in Figure 1.30: “grafting from” and “grafting onto”.

9 Initiator

Grafting from @ Monomer
& s
| —
CI)H OH ?H
L > Polymer with
Grafting onto terminal
functional group

C!;H CIZ:H OH
Figure 1.30 Schematic illustration of the “‘grafting from” and “grafting onto”

approaches from NCs substrate.
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Grafting from

The grafting from approach, also denoted as surface-initiated
polymerization, allows to increase the grafting density of the polymer brushes
on the surface and to ensure their stability in different application conditions.
In this method, the NCs is functionalized with an initiator, after which
polymers can grow directly from its surface. There are two general
mechanisms involved in this approach, which are:

e the ring-opening polymerization (ROP), in which the hydroxyl groups
on the surface of NCs act as the initiator while the amount of monomer
used to initiate the groups influences the degree of polymerization of
the polymer chains;

e the radical polymerization (RP), in which the reaction between a
monomer of interest with the initiator material occurs only after the
immobilization of the initiator itself on NCs surface, and then the
polymerization process starts [231].

The low steric hindrance and viscosity of the medium enable high grafting
density on the surface. However, it is difficult to determine the final molecular
weight of the polymer and the purification of the grafted NCs, as well as there
is the formation of a large amount of free polymers [240].

Grafting onto

The “grafting onto” approach, on the other hand, relies on the attachment
of the pre-synthetic polymer chains, carrying the reactive end groups onto the
hydroxyl groups of the NCs surface. Unlike “grafting from”, in this approach
the molecular weight of the pre-synthesized polymer can be determined
beforehand [202-204]. However, the downside of this approach is the higher
viscosity of the processed material and its ability to only achieve a lower
grafting density than “grafting from” approach due to the high steric hindrance
and the packed chains on the surface [244].

6.3.5. Amidation

Amidation is one of the most common surface-modification routes applied
to tailor the surface of NCs where amide linkage is formed by a reaction
between amine and carboxylic moieties. This modification route is
characterized by two steps, as shown in Figure 1.31: the introduction of
carboxy groups (-COO-) on NCs surface, often through TEMPO-mediated
oxidation, followed by the amine attachment between these carboxylate
groups (-COO-) and the amine functions (-NH2) on anchoring sites [53].
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Figure 131 Schematic representation of amidation modification using
aromatic I-methyl-3-phenylpropylamine.
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The amidation modification allows obtaining a good dispersion and
stabilization of NCs in organic solvents, which feature opens the door to
further applications for nanocomposites. Furthermore, with the new sorption
and barrier properties, modified NCs can be used as nanocomposites in
packaging materials [245].

6.3.6. Urethanization

The process of functionalization through the urethanization method is also
known as carbanylation or carbamation. This method involves the reaction
between isocyanate (R-N=C=0) and hydroxyl (-OH) groups of NCs (Figure
1.32) and results in the formation of covalent bonds [117,246] for enhancing
the hydrophobicity of NCs [117].
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Figure 1.32 Schematic representation of urethanization modification on NCs.

6.3.7. Phosphorylation

The modification of NCs through the amalgamation of phosphate (PO45)
ester groups on the nanocellulosic surface occurs via direct reaction between
a cellulosic pulp and inorganic phosphoric acid (Figure 1.33). As result,
phosphorylation of NCs enhances its properties, such as flame-retarding
behavior in textiles application [247], compatibility with calcium phosphate
opening pathways toward the hybrid material formation, and capability of
binding metal ions for water and industrial effluents purification [248].
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Figure 1.33 Schematic illustration of the phosphorylation of NCs.

7. Innovative applications of NCs

Continuous environmental pollution and ever-increasing depletion of non-
renewable sources have encouraged intense research in sustainable alternative
solutions to conventional petroleum-based materials using biobased materials
for applications in various fields of industry [249] such as pharmaceutical,
cosmeceutical, food, composite materials, electronic devices, civil
construction and biomedical materials (Figure 1.34). In this regard, due to the
renewability, biocompatibility, biodegradability, impressive physical
properties, and mechanical strength, NCs have emerged as a widely used
nanoscale material in material science, in particular as a reinforcing material,
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template support or other functional materials, in both pure and composite
forms [167,211-213]. Moreover, the multitude of functional groups on NCs
surface permits physical and/or chemical modifications (as described in detail
in the previous paragraph) and are further tuneable according to later
application needs.
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Figure 1.34 Potential applications of NCs in different fields.

NCs applications can be classified into high-volume, low-value, and novel

applications.

e High-volume applications consist of automotive interiors, automotive
body components, buildings, and construction;

e Low-value applications consist of aerogels-oil and gas industry,
construction, air and water filtration, and industrial-viscosity
modifiers;

e Novel applications include some exceptionally advanced high
technologies such as photonic structures-films, electronics-organic
light-emitting diodes, and industrial and medical-additive
manufacturing.

NCs also displays broader applications in a variety of materials related
domains where physical characteristics such as weight, strength, rheology,
and optical properties are highly affected in a positive manner. Some of the
most important and emerging applications of NCs in terms of NCs-reinforced
nanocomposites, biomedical applications, and energy materials are presented
in the following sub-paragraphs.

7.1. Nanocomposites

The desirable mechanical traits and unique morphology of NCs, such as
high stiffness and strength, as well as biodegradability, low weight,
renewability, and low cost [240,253,254], make it highly desirable and reliable
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reinforcement block instead of synthetic fibers to keep our environment safe
[255]. Therefore, owing to its unique structural features, NCs have gained
prominence and opened countless opportunities for novel applications in
many emerging fields, such as building polymer composites [256].
Nanocomposites consist of a multiphase product in which at least one phase
has a dimension of 1 - 100 nm [257], such as in the case of easily accessible
nanofiller of CNCs, CNFs and BCs. The nanocomposites mechanical
performance can be directly affected by (i) the nature of polymer matrix; (ii)
the nature of NCs [162]; (iii) the dispersion and distribution of NCs within the
polymer; (iv) the interaction between nanoparticles and matrix [156]; and (v)
the nature and strength of interfacial bonding between NCs and the polymer
[258].

Table 1.2 sheds light on the most recent developments on the multitude of
available routes for the fabrication of NCs composites. In particular, the
incorporation of NCs as reinforcing agent into a polyolefin and polyester-
based matrix, as well as in rubber and epoxy resins matrices has attracted
relevant attention because it imparts an immense improvement in structural
and mechanical properties, increasing their application potential. However,
the innate hydrophilic nature of NCs makes it incompatible and leads to its
poor dispersibility/miscibility with non-polar solvents. The modification of
NCs surfaces addresses this issue of incompatibility with non-polar media.
Several literature studies have highlighted that the unique structural and
functional tunability of NCs/modified-NCs with polymeric matrices could
lead to the immense improvement of the mechanical performance of the
reinforced nanocomposites. Although their mechanical properties hardly meet
industrial needs, from an engineering perspective, the recreation of the
superior mechanical properties of natural structures (for example, cellulose
has a tensile strength and Young's modulus up to about 350 MPa and 20 GPa)
is quite challenging.

Table 1.2 Mechanical properties obtained from some representative studies
of NCs-reinforced nanocomposites.

NCs

Filler Polyltm‘:rlc Prol:e§smg concentration Mecham‘cal Reference
matrix technique (Wt %) properties
NCs-reinforced polyolefin nanocomposites
Sisal CNCs High-density Melt extrusion 0-5 TS: 13.8-28.0 MPa  [259]
polyethylene and solution EB: 17.0 - 832%
(HDPE) casting from
toluene
Low-density 0-5 TS:10.1-11.2 MPa
polyethylene EB: 44.7 - 542%
(LDPE)
Wood CNCs High-density Grafting method 7 TS: 29 MPa [260]
polyethylene YM: 1.6 GPa
(HDPE) EB: 4%
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Kraft pulp  High-density Injection 10 TS: 26 -39 MPa [261]
CNFs polyethylene molding YM: 1.14-2.70 GPa
(HDPE) EB:3.0-9.8%
Kraft pulp High-density Melt extruding 0-25.3 TS:25.2-43.4MPa  [262]
CNFs polyethylene and  injection YM: 1.14-1.97 GPa
(HDPE) molding
Cotton CNFs High-density Physical  pre- 10-50 TS:30.4-53.9MPa [263]
polyethylene treatment  and YM: 0.75 - 3.2 GPa
(HDPE) polyoxyethylene
dispersion agent
method prior to
the  extrusion
process
Wheat straws  Low-density Melt extrusion 6-14 TS: 4.5 -6.0 MPa [264]
CNFs polyethylene YM:0.33-0.45 GPa
(LDPE) EB: 3 - 30%
Kraft pulp High-density Melt extruding 10 TS:39.6 MPa [265]
CNFs polyethylene and  injection YM: 2.25 GPa
(HDPE) molding
Eucalyptus Polyethylene Solution casting  1-90 TS:7-70 MPa [266]
Grandis CNFs (PE) YM: 31 - 2837 MPa
EB: 4 - 863%
NCs-reinforced polyester nanocomposites
Grafting Polypropylene Melt extruding 5 TS:45.4-49.4MPa  [267]
magnesium (PP) resin and  injection YM: 1.8 -2.0 MPa
stearate molding
modified CNFs
Enzymatic Polylactic acid Electrospinning 1 TS:1.0-5.4 MPa [268]
CNFs (PLA) and membrane EB: 30 - 74%
polyethylene
oxide (PEO)
Cotton  fibers  Polyethylene Extrusion 0.01-0.09 TS:7-9.5 MPa [269]
CNCs oxide (PEO) YM:0.22-0.30 GPa
EB: 0.4 - 0.9%
Softwood Polylactic acid Melt extruding 10-30 TS: 26 - 40 MPa [270]
sulfate fluff (PLA) and and injection YM: 0.7 - 1.2 GPa
pulp CNFs polyethylene molding EB: 11.3 - 450.0%
oxide (PEO)
CNCs Polylactic acid  Solution casting 2.5 -20 TS: 32 - 56 MPa [271]
(PLA) and  injection YM:2.2-3.6 GPa
molding EB: 2.5 - 798.0%
CNFs Polyethylene Solution casting  0.1-1.0 TS:45.7-51.3 MPa  [272]
glycol (PEG) YM: 1.35-1.77GPa
Cellulose Polylactic acid  Solution casting 1 TS: 50 - 75 MPa [273]
nanospheres, (PLA) YM: 2.0-4.5GPa
rod-like CNCs, EB:4-7%
and CNFs
Polyethylene Polylactic acid  Solution casting 0.1 TS: 64 - 343 MPa [274]
glycol-grafted (PLA) YM: 2.4 -48 GPa
CNFs EB: 3.8 -34.9%
CNCs and Poly (3-  Melt extrusion 1-7 TS:29.1-37.8 MPa  [275]
CNFs hydroxybutyrate- YM: 0.6 - 0.8 GPa
co-3- EB:7.5-16.4%
hydroxyvalerate)
(PHBV)
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CNFs Poly e~ Solution casting  0.1-5 TS:39.7-43.7MPa  [276]
caprolactone YM: 300 - 380 MPa
(PCL) EB: 900 - 1128%
CNCs Polycarbonate Solution casting 0.3 TS: 67 - 93 MPa [277]
(PC) YM: 1.7 -2.4 GPa
EB: 51 -57%
NCs-reinforced polyurethane nanocomposites
Spinifex grass Thermoplastic Melt extrusion 0.5 TS:41.7-583 MPa  [278]
CNFs polyurethane YM: 145 - 16.6
(TPU) MPa
EB: 1011 - 1096%
BC Polyurethane Solution casting 0.3 -1 TS:2 -6 MPa [279]
(PU) YM: 100 - 600 MPa
Diisocyante Polyurethane Solution casting 1-5 TS:5- 14 MPa [280]
(IPDI) (PU) EB: 160 - 190 MPa
monomer
modified CNCs
CNCs Polyurethane Aluminium 02-0.8 TS:0.13-0.21 MPa  [281]
(PU) mould YM: 3.1-5.5MPa
NCs-reinforced rubber nanocomposites
CNCs Natural rubber Dipping method 0.5-5 TS:2.3-6.8 MPa [282]
(NR) latex films
Cotton  fibers Natural rubber Vulcanization 0.5 TS: 6.1 MPa [283]
CNFs (NR) process YM: 10.7 MPa
Wood CNFs Natural rubber Demulsification 4 -20 TS:4.4-9.7 MPa [284]
(NR) and YM: 1.8 -10.9 MPa
coprecipitation EB: 253 - 463%
process
Softwood Poly[styrene-co-  Solution casting  0-5 TS: 16.9 - 965 kPa [285]
bisulfite pulp (2-ethylhexyl EB: > 1400%
CNFs acrylate)]  with
cationic (TTAB)
or anionic (SDS)
surfactants
CNFs modified  Styrene- Vulcanization 3-9 TS: 4.2 -12.3 MPa [286]
with proteinand  butadiene rubber process YM: 2.8 - 26.8 MPa
peptide (SBR)
T. pungens and Natural rubber Solution casting 0.1-2 TS: 18 - 29 MPa [287]
wood CNFs (NR) EB: 1,000 - 1,900%
CNFs Natural rubber Vulcanization 0.1-1 TS: 28 - 43 MPa [288]
(NR) process
NCs-reinforced epoxy nanocomposites
CNFs Epoxy resim BM and a 20 TS: 50 - 60 MPa [216]
diglycidyl ether solvent
of bisphenol A  exchange
(DGEBA) method
Todine- Epoxy  matrix Solution casting  0.01 -1 TS:29.0-452 MPa  [289]
catalyzed EPON 828 and YM: 917 - 1674
chemical Epikure 3140 MPa
modificated
CNFs
Acetyl, Epoxy resin Solution casting 1-5 TS:78 - 112 MPa [290]
hexanoyl, and YM: 1.2 -1.6 GPa
dodecanoyl EB: 8-12%
surface
modified CNCs
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CNCs Epoxy resin  Solution casting 1-5 TS: 40 - 62 MPa [291]
Dowex 50W-X2 YM: 2.0-2.6 GPa
CNFs Epoxy resin  Vacuum drying 2 TS: 30 - 65 MPa [292]
diglycidyl ether YM: 1.2-1.6 GPa
of bisphenol A EB: 1.3-3.5%
(DGEBA)
Wood pulp  Epoxy resin  Vacuum drying 0.3 -3 TS: 20 - 56 MPa [293]
CNFs diglycidyl ether YM: 2.0 -3.6 GPa
of bisphenol A EB: 1.8-3.5%
(DGEBA)
Cotton CNFs Epoxy resin  Solution casting 4 -24 TS:2.2-5.7 GPa [294]
EPON 828 or vacuum
drying
BC Epoxy resin ~ Vacuum drying 5-30 TS: 60 - 105 MPa [295]
diglycidyl ether YM: 2 - 8 GPa
diphenolate ethyl EB:1.2-1.9%

ester (DGEDP-
ethyl)

Note: Tensile strength (TS), Young's modulus (YM), and elongation at break (EB)

The field of NCs-based nanocomposites is still growing rapidly and there
is room to optimize the mechanical properties of cellulosic materials by tuning
their architectures or interparticle interactions to achieve the optimized
outcome [218].

7.2. Paper industry

The paper industry is perhaps the largest consumer of cellulose and NCs.
The paper process is usually carried out in different steps, including preparing
the paper components, wet refining, forming of wet sheet, pressing, drying,
calendering, and finishing [296]. In this process, NCs are the perfect candidate
in papermaking since they can act as a strengthening agent, a component of
the retention system, printing a quality aid, a binder of coating, and a barrier
agent controlling water vapor and oxygen transmission [297]. Several studies
have focused attention on the usage of NCs in the production of paper both as
a substrate material and as an additive or in coatings, because it is a
biodegradable natural polymer able to reinforce paper features and create
high-performance biomaterials. Table 1.3 summarizes recent studies pointing
out as NCs can be preferentially used as eco-friendly substitutes of synthetic
reinforcing materials currently used in the paper industry.
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Table 1.3 Effect of NCs-filler in papermaking on barrier properties from some
representative studies.

NCs
NCs filler concentration Effect of NCs filler Reference
(wt %)
NCs bionanofiller in paper-making process
Corn and rape 0.5 CNFs greatly enhance the mechanical strength and  [85]
stalk  pulps durability of papers
CNFs
Bleached soft 10 Surface-modified CNFs with lactic acid improved [298]
wood sulfite the draining efficiency (~56%) when compared to
fibers CNFs conventional sodium chloride-aided draining
Eucalyptus 03-15 CNFs are highly effective in stabilizing flocs and  [299]
and corn minimizing overdosing effects. CNFs can contribute
CNFs to improving the wet end in the paper machine if
combined with the optimal flocculant and dose
Cellulose 1.5-45 Mechanical properties of the paperboard were [300]
nanofibrils improved  substantially  after reinforcement,
from orange compensating for the losses in properties due to the
tree pruning hornification phenomenon of recycled paperboard
Wheat straw, 1 High level of effectiveness of NCs in reinforcing
kenaf and flax paper and cardboard, improving their quality
fibers CNFs indicators of mass types

NCs coating material in paper-making process

CNCs 0.75-1 CNC-composite barrier coating material exhibited a  [301]
71% reduction in water absorption, 27% in water
vapor transmission rate and resistance to air
permeation > 88% compared to the control coating

CNCs and 2.5-10 The multi-layered coating system with CNFs and [302]
CNFs CNCs had highly effective barrier against gas, oil

and grease and oxygen transmission
CNFs 1.5 The three-layers coating made of a mixture of NCs  [303]

and sorbitol showed a higher effective barrier against
oxygen and water vapor transmission than the porous
paper substrates

CNCs 3 The thin yet multi-layered coating of NCs with  [304]
poly(lactic acid) applied on a paperboard increases
the barrier properties with bio-based and
biodegradable material

Despite the wide availability, environmentally friendly design,
renewability, and enormous mechanical properties, the NCs as bionanofiller
in the pulp and paper industry under the above-mentioned conditions is still
used to manufacturing on a small to pilot scale rather than commercial scale.

7.3. Food industry

The aforementioned properties, in particular the high surface area, aspect
ratio, rheological behavior, water absorption, and absence of cytotoxic and
genotoxic properties, give to NCs ample opportunity for practical applications
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in food sector as reinforced agents in the development of active packaging,
food additives, and food stabilizers.

In food packaging, NCs can be a sustainable and biodegradable alternative
to the current synthetic packaging barrier films, with the enhanced barrier,
thermo-mechanical, rheological, and anti-bacterial properties. Recent research
trends have shown the possible usage of NCs as base materials in traditional
plastic packaging or as edible coatings/films. For example, Nguyen et al.
(2021) reported the application of coating layers made of biorenewable NCs
and nanochitin deposited on polypropylene films through the layer-by-layer
(LbL) technique. The resulting film is highly transparent, unfavourable to
bacterial adhesion, and thermally recyclable, hence it is promising for
advanced food packaging applications [305]. To limit the environmental
pollution caused by non-degradable plastic packaging edible coatings (ECs)
represent a consolidated technology to improve the postharvest quality of
fruits and vegetables by slowing down respiration rate, water loss, and
oxidation processes [306], as well as helping to maintain the physiological
properties. However, the performance of most ECs is insufficient to meet
practical applications, in particular with reference to conjugating restricted
thickness with adequate mechanical and barrier properties. Therefore, recent
studies have focused on the implementation of different types of filler to
improve coating properties.

The synergistic interaction between reinforcement agents and the
polymeric material, through hydrogen bonding or ionic complexation, enables
the ECs mechanical properties to be increased and permeability of moisture
and gases to be reduced [307]. Among the different reinforcing agents, NCs
with their size lying in the range of the nanometers have attracted increasing
attention as a promising material for tailoring ECs properties in food
preservation [48]. In general, the addition of NCs into nanocomposite coatings
results in a slight increase in thickness, mainly related to the higher solid
content in the coating solutions and the interruption of the original polymeric
structure by NCs, as extensively shown in Table 1.4. Therefore, the effect of
NCs incorporation on coating thickness can be correlated well with the
concentration of NCs in the formulation.

Table 1.4 Effect of NCs on thickness and mechanical properties of edible
coatings and films.

Film- NCs . Mechanical properties
forming Concentration Thickness o References
material Type (Wt%) (wm) TS (MPa) EB (%)
Chitosan CNFs 1.5 14.5-21.2 - - [308]
Tapioca, CNFs 0 2.99 0.047 6.67 [309]
potato, corn 10 6.33 0.055 22.67
20 5.71 0.056 30.51
Faba bean CNCs 0 - 4.3 105.0 [310]
protein 3 3.8 48.1
isolate 5 53 48.2
7 6.5 46.3
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Cassava CNCs 0 - 7.15+£0.60  22.75+2.34 [311]
starch 0.14 8.19£0.90 19.23 £2.25

0.3 991+£0.70  585+1.43

0.6 10.99 +0.5 1.31+0.25
Okara fiber CMCs 0.5 123 +70 6.567+0.33 16.67+0.35 [312]
and pectin
Konjac BNC 0 39+6 46.43 6.34 [313]
glucomannan 1 40+ 12 50.36 8.58

2 41+0 69.29 9.44

3 41+15 74.05 8.18

4 42+10 82.01 5.70
Cassia-gum CNCs 0 89+5 18.53 28.87 [314]

2 90+3 24.77 31.88

4 93+2 32.85 34.75

6 98 +4 28.75 36.51
Polyvinyl NCs 1 - 6.42 +0.59 89.99+11.77 [315]
alcohol 3 9.47+1.62 106.94 + 7.04

5 11.17+£1.08 117.52+10.28
K- CNCs 0 20 38.33+£3.79 21.50+3.72 [316]
carrageenan 1 30 3843+594 2293+1.50

3 40 39.83+0.38 23.83+2.71

5 25 40.07+£2.80 24.33+3.00

7 25 52.73+£0.70 28.27+2.39

9 35 39.10+1.04 25.83+2.61
k-CA CNCs 0 80 49.0 275 [317]
biopolymer 1 59.2 23.1

3 66.6 20.7

5 80.9 18.9

8 85.1 154
Whey CNCs 0 - 1.30 47 [318]
protein 1 1.65 35

3 2.10 34

4 2.29 35

5 2.30 35

10 2.70 25

15 3.15 24
Corn CNCs 0 300 3.41+0.17 - [319]
nanostarch 0.2 5.99+0.30

0.4 7.28+0.36

0.6 8.61+£0.43

0.8 11.25+0.56

1 7.78 £0.39
Agar BNC 0 - 22.10+£0.64 10.76+2.30 [320]

0.045 27.95+1.42 14.50+0.88

0.075 31.26+£226 27.47+1.08

0.12 3420+1.35 21.53+1.62

0.15 4451+1.86 13.02+1.70
Whey CNCs 0 - 2.30+0.35 46.07 £23.25 [321]
protein 2 3.41+0.87 20.82+9.85

5 3.49+091 26.54+9.12

8 4.93+£0.49 17.63+£3.93
Chitosan BNC 0 90 21.07+1.64 33.84+251 [322]

2 100 27.03+1.46 29.71+2.15

4 100 4132+£220 23.76+1.52

6 110 3475+£1.02  25.11+£2.93

Note: Tensile strength (TS), and elongation at break (EB)
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The incorporation of NCs in coating solutions is generally reported to
significantly affect the barrier properties of the films. In some polymeric
matrices, the transmission rate of water vapor was reported to increase with
NCs addition, because of (i) the increase of hydrophilicity within the polymer
[323]; (ii) the change in polymer adsorption since the crystallinity, internal
structure, and interaction forces are changed [324]; (iii) the higher
concentration of NCs which causes its agglomeration in the film matrix [314].
However, in other cases, the water-vapor barrier properties were reported to
increase, because of the increased surface-volume ratio and compactness of
film network [322], due to the formation of a network of hydrogen bridges
between NCs and the polymeric matrix, which resulted in a winding path for
the water molecules, hindering their propagation through films [314,319]. The
effect of NCs incorporation in film-forming solution on the barrier properties
can therefore be related to the chemical nature of NCs (chemical structure,
polarity, degree of crystallinity) and its concentration, as well as the
hydrophilicity and hydrophobicity of the film matrix. In addition to using NCs
as reinforcement material, ECs can be loaded with different bioactive
compounds (as illustrated in Figure 1.35) to develop active edible coatings
with specific functionalities, such as antimicrobial, anti-browning,
antioxidant, coloring, and flavoring, or even nutritive actions [325].

Antimicrobial activity compounds.

Bacteriocins
» Pediocins
Essential oils « Lacticin
® Natural preservative agents * Reuterin
within coating formulations. * Organic acids

+ Mentha x piperita L.

« Salvia officinalis L.

* Rosmarinus officinalis
« Origanum vulgare L.

» Thymus vulgars

* Ocimum basilicum L.

Antimicrobial agents,
associated to their high
content in polyphenols
and flavonoids.

Extracts from algae and mushrooms
L " M

Antimicrobial, antioxidant, antiviral, anti- Animal-Derived Compounds

; i : .
inflammatory agents because rich in bioactive Natural antimicrobial compounds.

compounds, such as proteins, polyphenols,

; ; Chitosan
flavonoids, carotenoids, polyunsaturated fatty + Lysozyme
acids, and polysaccharides. « Lactoferrin

+ Lactoperoxidase

Figure 1.35 Natural compounds frequently used in edible active coatings.

Examples of NCs addition in active systems are mainly reported in active
films for food packaging, where the role of NCs is of stabilization and physical
entrapping of the active species. As shown in Table 1.5, the main effects of
NCs addition to films are related to (i) ensuring high loading of the
antimicrobial agents [326] because of the intrinsic high surface area of NCs;
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(i1) improving the controlled release characteristics of the bioactive agents
loaded in the biopolymer matrix, by affecting their permeation rate [327]; and,
therefore (iii) increasing the antioxidant properties of the film [328], when the
payload bioactives are antimicrobial agents [329].

Table 1.5 Antioxidant and antimicrobial properties of films reinforced with.

NCs.
. . Additives
Fllm-forfnmg Reinforcing . Effect of NCs on active film  References
material agent Active agent
] ) Cinnamon bark essentialNCS decree_tse th_e release ratg of
Sodium caseinate CNFs oil-nanoemulsion the essential oil from sodium [327]
(4% wiw) (2.5 - 5 wt%) . caseinate matrix and improve the
(5 wtt) antioxidant properties of the film
MFC’s presence favors the release
of the active compounds of CEO.
Soy protein CNFs Clove essential oil A higher concentration of MFC [328]
(5% wiv) (0 - 0.6 wt%) (2.5 Wt%) increases the antioxidant
properties as well as the
antimicrobial activity
NCs incorporation successfully
Mucilage CNFs enhances the mechanical,
, . hydrophobic, antioxidant, and [326]
(50% v/v) (3-6wt%) antimicrobial properties of the
mucilage composite films
o Composite film is transparent and
Gelatin/agar CNFs C.love f:ssentlal 911‘based5hows high UV-light barrier
o o Pickering emulsion properties and  water-resistant [330]
(2% wiv) (0.75 wto) (0,0.02,0.1, 0.2 wi%) properties, and improved

antioxidant activity

Films showed good thermal

Poly (butylene stability, higher oil release,

adipate-co-

terephthalate) CNFs N Cinnamon essential oil decreasefi. water vapor [331]
(0.5, 1, 3 wt%) permeability values and prevented

(PBAT) microbial attack through the

(15% wiw)

release of the essential oil

Overall, the incorporation of NCs in ECs represents a promising approach
for improving ECs’ mechanical and barrier properties, stability, and eventual
controlled release of active agents, with a potential impact in the preservation
of the quality and extension of the shelf life of perishable fruits and vegetables
with all-natural systems [48].

NCs are also extensively used as a food additive to improve food
homogeneity and replace undesired food additives such as flour substitutes,
fat substitutes, frozen food and beverage additives, thickeners, suspension
agents, foam stabilizers, high-temperature stabilizers [332,333]. At present,
the research on NCs as a food additive has not been carried out in a
comprehensive way. Nevertheless, the usage of NCs as an additive in (i) ice
cream was reported to enhance the anti-melting properties and improves the
sensory properties of taste [334]; (ii)) soy milk powder had the role of
thickener, shearing dilution, and a slippery taste at the entrance [335]; and (iii)

51



Chapter I

in baking products was used to replace fats, improving the quality of wheat
flours decreasing the browning index [336].

Different experimental findings suggested an innovative application,
consisting in using NCs as food-grade particle stabilizer of lipids in Pickering
emulsion, benefiting the development of functional foods. NCs are an
emerging and novel alternative to synthetic stabilizer particles, due to their
sustainability, biodegradability, and nontoxicity. More specifically, Pickering
emulsions stabilized by NCs particles have attracted increasing interest in
different fields, because they confer noteworthy stability against coalescence,
adjustable permeability, and good elastic responses [337,338]. It was
demonstrated that nanosized cellulosic materials possess several advantages
deriving from their nanometric sizes, such as high tensile strength, stiffness,
and surface functional groups. When used as a stabilizer in O/W emulsions,
NCs are reported to significantly enhance the properties and performance in
comparison with conventional systems [339]. Moreover, the morphological
structure of cellulose nanoparticles can influence the stability of emulsions. In
this sense, cellulose through HPH treatment resulted to be characterized by
fibril bundles, with lengths in the range of ~10 - 100 pm and irregular widths.
This kind of defibrillated NCs exhibited higher mobility and flexibility at the
oil-water interface than NCs obtained via BM, resulting in an efficient
emulsifying ability at different pH values, with the fibrils wrapping around the
oil droplets for their stabilization. Nevertheless, the finding showed that
cellulose nanoparticles could stabilize emulsions containing high oil phase,
and moreover defibrillated NCs stabilize emulsions, which have good ability
to resist the environment change, limiting the occurrence of coalescence
phenomena and significantly slowing down gravitational separation [189].

7.4. Biomedical applications

NCs, either as an individual material or part of mixture or composite, have
found broad application in biomedical field (Figure 1.36) including in
implants; skin replacements for burnings and wounds; blood vessel growth;
nerves, gum, and dura mater reconstruction; drug releasing system; wound
dressing materials and also in biosensors and diagnostics [249,340]. NCs are
so interesting for biomedical materials because of their mechanical properties,
nanofibrous network, and natural source, which is increasingly important to
consumers with regard to health-care products [117].
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Figure 1.36 Biomedical applications of cellulose nanoparticles [178].

The biocompatible and biodegradable nature of NCs makes this material
ideal for development in the field of tissue engineering, acting to replace or
repair damaged organs and tissues [341]. Many studies have been undertaken
in developing NCs composites for tissue scaffolds. The NCs with all the
requirements of tissue engineering technology, such as superior water
absorption, water retention, biocompatibility, and mechanical properties, has
been used as a major component or as reinforcement in many formulations for
tissue engineering. More in detail, the main application of NCs scaffolds is the
repair of skin, vascular, neural, muscular, hepatic, and ophthalmological tissue
[342].

To achieve a higher therapeutic effect of a pharmaceutical drug and/or
natural compound in a specific diseased site, NCs are a promising material for
the delivery of drug molecules. Previous studies have demonstrated the
presence of positive molecular interactions between CNFs and poorly-soluble
drugs. Indeed, CNFs have been applied to stabilize crystalline nanoparticles
of drugs and preserve the nanoparticulate morphology, both in aqueous
suspension during storage but also upon freeze drying of these suspensions
[343-348]. CNCs were also utilized as a vehicle for drug-delivery systems.
Indeed, CNCs was used as (i) stabilizer of the alginate matrix to produce
higher encapsulation and control the release rate of theophylline (in the
treatment of respiratory-related illness) and of bovine serum albumin (BSA)
[349,350]; (ii) as a drug carrier of doxorubicin hydrochloride (DOX) and
tetracycline hydrochloride (TET) thanks to the negatively charged surface
which interacts with the positive charge of drugs [351]; and (iii) as the element
for encapsulation of hydrophobic anticancer compounds, such as etoposide
(ETOP), docetaxel (DTX) and paclitaxel (PTX) showing a slower and
controlled release of the drugs [341].
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NCs can also be used as stimulus-responsive material for sensors and
biodiagnostic, for detecting heat, ions, organic vapors, and biological
organisms. For example, Wang et al. 2016 demonstrated that CNCs can be
used in combination with silver nanoparticles to develop colorimetric and non-
enzymatic biosensors for detecting glucose [352]. A NCs-based biosensor was
designed to make use of enzymatic stimuli for the detection of cholesterol
[353]. Ling et al. (2019) reported the design of NCs-based biosensors for facile
detection of human neutrophil elastase [354].

7.5. Energy materials and devices

Recent years have seen an upsurge in research aiming to use of NCs in
most energy applications, due to nanoscale functionality, sustainability, and
biodegradability. In order to provide a high volumetric capacitance, NCs
provide the required mechanical support for freestanding and flexible
materials and are combined with a conductive material, usually a polymer
[247]. Among other applications, high-performance energy storage units
(such as lithium-ion batteries, supercapacitors and solar cells, and
electrochemical energy storage devices) [355]; conductive NCs sheets for the
development of conductive displays, sensors, transducers, and actuators [356];
high performing supercapacitors [357-359] and optoelectronics [360-364] are
the main ongoing advances in the energy and devices field.

7.6. Other applications

7.6.1. Adsorption, filtration, and purification

NCs composites can find several application fields, for example in (i)
adsorbent in environmental remediation pollutants for water decontamination
[365,366] and/or for air purification [367]; (ii) catalytic degradation of toxic
organic compounds [368]; (iii) adsorbents for oil contamination [369]; (iv)
repellents [370,371]; and (v) sensors for waterborne pathogens [372].
Typically, NCs are valued in adsorption and separation processes at relatively
low cost due to their high hydrophilicity, morphology, and mechanical
properties to form supports, membranes, and pure or hybrid aerogels, solid
materials featuring a porous structure and an extremely low density.

Several authors have shown the great performance of NCs and
functionalized NCs for chemical contaminant remediation (heavy metal, dye,
and organic oil removal) due to their high water permeability, high surface
area, good mechanical properties, and versatile surface chemistry. For
example, CNCs isolated thought acid hydrolysis, incorporated with succinic
acid, was used to remove lead(Il) and cadmium(Il) ions from water [373];
CNFs containing carboxylate groups prepared by oxidation methods were
used for chromium(III), nickle(Il), and uranyl(Il) ion removal [374,375].

54



State of the art

A recent study by Sharma demonstrated that carboxycellulose nanofibers
extracted from an arid spinifex grass using the nitro-oxidation method can be
used as an effective flocculating or coagulating agent to remove cadmium(II)
ions from water [376]. In addition, thiol-modified nanofibers were found to
be effective for chromium(VI) and lead(Il) removal [377], and amine-
modified CNCs were capable of removing negatively charged chromium(VI)
metal ions from water [378].

NCs membranes or NCs aerogels often showed also to be effective media
for pressure-driven filtration operations both for water and air purification.
Electrospun cellulose acetate membranes functionalized with CNCs showed
an adsorption rate for cationic Victoria Blue 2B dye between 80 and 99%
compared to pristine cellulose acetate membranes [379]. The amino-
functionalized CNCs, obtained by grafting with ethylenediamine through a
reductive amination treatment, was demonstrated to be an effective adsorbent
material to remove anionic dyes from aqueous solutions [380]. NCs
membranes were found to be excellent CO; barriers, allowing CO; to be
efficiently separated from N, and CHa, even under high humidity [381]. The
aerogel of cellulose nanofibrils functionalized through TEMPO-mediated
oxidation proved to be efficient air filters with insignificant pressure drops
with a better performer than conventional filters [367].

NCs-based systems have been also widely used in chromatographic
columns to separate chiral enantiomers, necessary for pharmaceutical,
clinical, food, and environmental sciences [117,247,382—-384]. Traditionally,
various chromatographic techniques have been used, such as high-pressure
liquid chromatography (HPLC), gas chromatography (GC), supercritical fluid
chromatography (SCFC), and capillary liquids. Owing to the long analysis
times and the use of very costly chiral stationary phases, CNCs can be used as
a valuable chiral stationary phase, due to the ability to transform into a chiral
liquid-crystalline phase at a critical concentration and with tunable
hydrophobicity and hydrophilicity [385-387].

7.6.2. Cosmetics

NCs are also increasingly used in the field of cosmetic formulations [388],
due to its easy penetration through the skin toward the targeted tissue [389].
NCs have drawn attention mostly as a thickening agent and texture modifier
in cosmetics and skincare formulations as are capable to alter gelation
temperature and viscosity [249]. For example, polyvinyl alcohol and
polystyrene films incorporated with cinnamate-functionalized CNCs
displayed an excellent UV-shielding capacity for sunscreen and transparency
with enhanced Young's moduli [390]. Moreover, the high hydrophilic nature
and ability of NCs to form stable dispersions in water are harnessed to produce
cosmetics products suitable for hair, eyelashes, eyebrows, and nails [391].
Because of its three-dimensional, nanoporous structure, this biopolymer has
proven to be an effective material that is suitable for cosmetic product
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formulations. In general, the usage of NCs in cosmetics is an excellent and
simple route to ensure high and greener products, with improved mechanical
properties. In parallel, the World Health Organization (WHO) expressed
concerns about the effect, toxicity, and safety of nanomaterials on human
health, and administrative directives have been introduced [392].
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Chapter 11
Objectives and work plan

1. Objectives of the work

In recent years, cellulose has received increasing interest as a renewable
raw material for producing biodegradable polymeric products and
contributing to replacing fossil resources, considering their depletion,
fluctuation in oil prices, and the negative environmental impacts [1]. Among
the available sources of renewable feedstock for cellulose isolation,
lignocellulosic biomass, including agricultural residues, stands out [2]. These
residues are used today, in the best of cases and in small quantities, as organic
compost and as cattle feed. However, most of these residues are simply burnt
in the field causing air pollution and risk of fire. Moreover, if these residues
are not removed, they can support infestations, causing potential
environmental issues. Therefore, new strategies for the exploitation of agri-
food residues (AFRs) represent a great opportunity of more sustainable routes
for the recovery of high value-added compounds, as well as for mitigating
their environmental burden.

In this scenario, the main challenge of this Ph.D. thesis work is to develop
a green technology platform for an efficient and sustainable valorization of
AFRs, ensuring the recovery of high-added value compounds, cellulose and
nanocellulose (NCs) to be used as building blocks to develop more eco-
friendly advanced materials.

The key innovation of proposed strategy is the integration of novel and/or
more consolidated technologies to recover cellulose from AFRs at various
degrees of hierarchical organization, by co-extracting bioactive molecules,
cascading different physical processes (such as high-pressure homogenization
HPH and ball milling BM), chemical and enzymatic hydrolysis of increasing
complexity (Figure I1.1).
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Figure I1.1 Envisioned recovery of different hierarchical NCs structures from

AFRs, for advanced applications [3].

2. Experimental plan

In order to achieve these goals, the project has been articulated as
schematised in the following table (Table II.1).

Table 11.1 Ph.D. thesis main work plan.

. Target . Potential
Biomass Process design D
compounds applications
Hemp cake Chemical treatments
Sunflower cake (Solid/Liquid Pickeri
Roasted coffee beans extraction, TEMPO- 111: frimf
White grape pomace Bioactive mediated  oxidation, cmuisions
Red d id d lkali
ed grape pomace compounds aci t%n alkaline Capillary
Bran hydrolysis) ;
Rice husk suspensions
Wheatmlddhngs _______ Mechanical treatments Edibl i
Tomato pomace Bioactive (HPH, PFI-beater, BM) 1ble coating
Barley straw compounds o Y for
Cellulose Combination of
. wastewater
chemical and
Nanocellulose . treatment
mechanical treatments
Combination of
CO2 adsorpti
Cellulose Nanocellulose chemical and 2 adsofption

mechanical treatments
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More in detail, as reported in Figure 11.2, the results of this thesis work
have been structured in two chapters:

Bioactive compounds, cellulose, and NCs extraction

This chapter proposes a biorefinery approach for the utilization of AFRs
for the recovery of valuable compounds carried out through an optimization
of conventional solid/liquid extraction conditions. The main outcomes in
terms of extract composition and its antioxidant power are presented and
discussed. Moreover, the effect of HPH technology on the release of high
value-added intracellular compounds from AFRs was performed with the aim
to increase phenolics extraction yields with the use of purely physical process
and without the usage of chemicals. For the sake of comparison, the efficiency
of HPH-assisted extraction tests was compared to those observed in
conventional solvent diffusion processes.

In this cascade of operations, this chapter focused also on the recovery of
cellulose and the isolation of NCs. In particular, the HPH fluid-mechanical
treatment is here exploited for the first time to increase the efficiency of mild
chemical hydrolysis processing for isolation of cellulose with a defibrillated
structure from AFRs, further contributing to the valorization of side streams
very rich in bioactive compounds. Moreover, the isolation of cellulose has
been also achieved through the Kombucha tea fermentation process using
AFRs as substitutes for sucrose substrate. The cellulose-based pellicle formed
at the air-liquid interface, called Symbiotic Culture of Bacteria and Yeast
(SCOBY), forms a strong gel biofilm of crystalline microfibrils and absence
of impurities of pectin, lignin, and hemicelluloses as well as environmentally
friendly. The resulting cellulose pulp from AFRs was characterized and then
its hierarchical structure disassembled by means chemical or purely
mechanical treatments in order to obtain NCs. Moreover, it has been also
evaluated the effect of mechanical treatments on commercial pure cellulose,
to compare the physico-chemical, structural, morphological, and functional
properties of NCs isolated from AFRs.

Advanced and innovative applications

The obtained materials have been used as target compounds in different
field of application. In particular, NCs and bioactive compounds with different
morphological and physical properties have been exploited to design
advanced functional materials, such as: (i) Pickering emulsions and (ii)
capillary suspensions oleocolloids for food applications; (iii) acrogels for the
treatment of dye-contaminated wastewater due to its high surface area and
versatile surface chemistry; (iv) edible coatings to improve polysaccharide-
based packaging material properties (such as mechanical and thermal
properties, antibacterial properties, oxygen and water vapor permeability);
and (v) and amine modification for CO; capture.

93



Chapter 11

AFRs
Section I _w_omoz.ﬁwm
extraction
2 ~
g Section I Cellulose Bacterial
.m extraction cellulose
@)
Section III NCs isolation
- —
Pickering Capillary Aerogels for omunmﬂmm“«oa CO,
emulsions suspensions dye removal . adsorption
coating
Chapter V Section I Section II Section III Section IV Section V

Figure I1.2 Process flow diagram from AFRs to innovative applications

through different steps of valuable bioactive compounds extraction, cellulose

production and NCs isolation.
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Materials and methods

1. AFRs from food sectors

The biomasses selected and used as raw materials in this thesis work are

listed in the following table (Table II1.1). The choice of these biomasses arises,

first of all, from their amount and rich content of value-added derivatives

(bioactive compounds and non-starch-polysaccharides). Secondly, the

selection of these biomasses was also performed taking into account their

availability throughout the year, since different food by-products cover
different period of the year, thus avoiding overlapping and dead periods during

the experimental work.

Table I11.1 AFRs biomasses selected to be valorized through the recovery of

valuable compounds, cellulose extraction, and nanocellulose isolation.

AFRs Target compounds Availability
i i Autumn/Winter

Hemp cake Bioactive compounds (Polyphenols) (October — March)
Sunflower cake Bioactive compounds (Polyphenols) Autumn/Winter

Roasted coffee beans  Bioactive compounds (Polyphenols)

White grape pomace  Bioactive compounds (Polyphenols)

)

';.. Red grape pomace Bioactive compounds (Polyphenols)
Wheat middlings Bioactive compounds (Polyphenols)
Wheat bran Bioactive compounds (Polyphenols)
§§ E: Rice husk Bioactive compounds (Polyphenols)
o Bioactive compounds (Polyphenols)
ey Tomato pomace Cellulose
Nanocellulose
Barley straw Cellulose
Y Nanocellulose

(October — March)
All year

Summer/Autumn
(September — October)
Summer/Autumn
(September — October)
Autumn/Winter/Spring
(October — July)
Autumn/Winter/Spring
(October — July)
Autumn/Winter/Summer
(November — June)

Summer/Autumn
(June — October)

Summer/Autumn/Winter
(August — February)
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All raw materials are dried residues (with humidity less than 10% on dry
matter), except tomato and grape pomace, which were stored in aluminium
trays and frozen at -20 °C until used.

2. Nonthermal mechanical systems

This paragraph covers the various methods of mechanical cell disruption
and homogenization that have been used for processing AFRs and cellulosic
materials throughout the whole experimental analysis. Treatments were used
for high value-added compounds isolation, cellulose extraction processes as
well as for the further defibrillation of cellulose and, therefore, converting
cellulose to nanocellulose (NCs), as explained in more detail in chapter IV.

2.1. High-Shear Mixing (HSM)

HSM (Ultra Turrax T-25, IKA Labortechnik, Staufen, Germany) (Figure
III.1) system was used as a gentle pre-treatment prior to perform High-
Pressure Homogenization (HPH) treatment with the aim of (i) disaggregating
cell clusters of food residues, which consequently lead to mechanical lyse of
plant tissue; (ii) dispersing and/or dissolving immiscible mixtures with
components of different phases; and (iii) pre-emulsifying activity. The HSH
is essentially a stirring device at high speed (3,000 - 35,000 rpm 800 W) which
consisted of a stator-rotor assembly made of stainless steel. The relative
motion of the rotating and stationary parts of the mixer generates shearing
forces (the driving principle) mixing the components in suspension. Due to
friction, a significant temperature rise should be expected with the use of
HSM. In order to avoid an excessive temperature increase, the suspensions
were always kept in an ice-water bath during processing.

(a)

(b)

Figure II1.1 High-Shear Mixing (HSM) technology: (a) Ultraturrax T-25
system and (b) schematization of the rotor-stator working principle.
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2.2. HPH technology

HPH process is the purely physical technology of subdividing large
particles in suspensions into a large number of small particles having a smaller
size, down to nanometer range. The disruption of particles during HPH
treatment occurs through different fluid-mechanical stresses: shearing effect,
stress, turbulence, and hydrodynamic cavitation. The entire process occurs
within the homogenization valve, and the overall disintegration efficiency
depends on the specific valve geometry and design and flow conditions. The
HPH technology applied during the experimental activities of this work is
different for the specific valve geometry and, therefore, for operating
conditions: the in-house developed unit used at the University of Salerno
(available at ProdAl Scarl research centre) (§ 111.2.2.1), and the lab-scale plant
used at the University of Cordoba during the pre-doctoral visiting research
internship (§ 111.2.2.2).

2.2.1. In-house developed unit (at the University of Salerno)

The in-house developed laboratory scale HPH system used at the
University of Salerno is shown in Figure II1.2. Briefly, the unit consisted
mainly of a homogenization orifice valve (model WS1973, Maximator JET
GmbH, Schweinfurt, Germany) of different sizes and an air driven high-
pressure pump (model DXHF-683, Haskel EGAR S.r.l., Milan, Italy).
Pressure is first intensified by the high-pressure pump that pressurizes the
product suspension which results in a fluid pressurization system. The high
pressure generated can be up to 300 MPa and acts as the driving force that
results in the flow of the fluid through and beyond the homogenization valve.
The homogenization valve (Figure I11.2¢) consists of a small orifice (80 - 200
pum) in between the valve and the valve seat. The pressure drop across the
orifice could be changed in the range between 80 and 200 MPa, while the
volumetric flow rate of the suspension changed from 10 to 22 mL/s depending
on the orifice diameter used and therefore on the selected pressure. In order to
prevent excessive heating, after each pass, the suspensions were cooled by
water flowing through a tube-in-tube exchanger, located downstream of the
orifice valve.
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* Orifice

Figure I11.2 In—hou;e developed HPH: (a) HPH plant available at ProdAl

Scarl, (b) schematic representation of HPH system, and (c) homogenization
orifice valve.

HPH processing conditions used for the release of intracellular
compounds, cellulose extraction, and NCs defibrillation were identified and
in detailed illustrate in the specific chapter I'V.

2.2.2. Lab-scale plant (at the University of Cordoba)

The lab-scale HPH system (PandaPLUS 2000, GEA Mechanical
Equipment S.p.A., Diisseldorf, Germany) used at the University of Cérdoba
is shown in Figure II1.3. PandaPLUS HPH technology consists of a high-
pressure piston pump and a downstream two stages homogenizing valve. The
pressure build-up within the HPH occurs by means of the piston pump which,
with the help of ceramic pistons, ensure a volume flow of 2.5 mL/s that is
independent of pressure. This system can operate at any pressure up to 200
MPa adjusted manually by hand-wheel.

(@) (b)

Figure IIL.3 Lab-scale HPH: (a) PANDAPlus 2000 HPH plant and (b)
homogenization orifice valve.
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2.3. Ball milling (BM) technology (at IPCB-CNR of Naples)

The planetary BM system (Retsch PM 100, Haan, Germany) available at
IPCB (Istituto per i Polimeri, Compositi e Biomateriali) of Consiglio
Nazionale delle Ricerche (CNR) of Naples is shown in Figure II1.4. The
grinding jar (Figure II1.4b) is arranged eccentrically on the sun wheel of the
planetary ball mill. The direction of movement of the sun wheel is opposite to
that of the grinding jars in the ratio 1:2. The grinding balls in the jars are
subjected to superimposed rotational movements, the so-called Coriolis
forces. The difference in speeds between balls (usually stainless-steel spheres
with a diameter of 10 mm) and jars produces an interaction between frictional
and impact forces, which releases high dynamic energies. The interplay
between these forces produces the high and very effective degree of size
reduction of the planetary ball mill, both, in ball to ball and ball to wall
interactions (Figure I11.4¢).

b

(a)

-~

)

v
Impact Collision

Rotation of the
chamber

Figure I11.4 BM technology: (a) Retsch PM100 system, (b) grinding jar, and
(c) schematisation of the BM working principle.
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3. Phytochemicals bioactive compounds extraction process

Phytochemical compounds, secondary metabolites of plants, herb, fruits,
and vegetables, which provide certain color, flavor, or protection against pests
and pathogens [1], can be recovered using various conventional and non-
conventional extraction techniques. The conventional chemical methods for
bioactive extraction are widely used because well established and easy to
perform. The main limitations are related to the long duration of extraction,
high cost to use high purity solvent, the use of heat treatment which will result
in degradation of thermo-labile phytochemicals, as well as the limited
application of the extracted phytochemicals in foods as solvents may pose
harmful effects when ingested. Therefore, alternative approaches involving
nonthermal or solvent-free extraction methods are highly desirable for
application of phytochemicals in the food industry.

3.1. Conventional solid-liquid extraction (SLE)

The process of conventional SLE from AFRs was carried out using an
orbital incubator (Stuart SI50, Salford Scientific Supplies Ltd, Salford,
Manchester, England) at 25 °C and 160 rpm. Raw material (20 g) was mixed
with 200 mL of the solvent (methanol, ethanol, and acetone) at different
dilutions with distilled water (ranging from 20 to 100% v/v) and kept at room
temperature up to 24 h. Then, the extract was centrifuged (PK121R model,
ALC International, Cologno Monzese, Milan, IT) at 10,000xg-forces at 4 °C
for 10 min to obtain clear supernatants, which were used for further quali-
quantitative analyses (Figure II1.5). Extractions were performed in duplicate.

optimization
T
pre- 3 o Total phenols _-Dnﬂﬂ_: Separation B > Supernatant i =7

.. s tracti - o Ph o att g
o4 vy extraction | | centrifugation
ﬂ#v’c:a“ e ey X N

Agri-food residues — — Quali-quantitative
(AFRs) analyses

Figure IIL5 Simplification of conventional extraction procedure carried out
on AFRs raw materials.

Response Surface Methodology (RSM) model for the design of
experiments (DOE) was used for modelling and optimization of conventional
solid-liquid extraction. A factorial experiment involving two factors (the type
of solvent, discrete numeric factor, and solvent concentration) was used to
optimize the polyphenols extraction yield. [-Optimal Design was applied in
this study, using Design-Expert 11.1.2.0 software (Statease Inc., Minneapolis,
MN, U.S.) to determine the number of experiments to be evaluated for the
optimization of the two independent and the response variables.
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The experiments with two replications were fitted with a second-order
polynomial Equation III.1.

" =.30+Z.3ij+ZZﬁinin+e (IILT)
J

i<j

In this equation, the values of the total phenols, used as the response
variable (Y1), were related to the experimental factors (Xi; with i,j = 1, 2). The
coefficients of the polynomial model correspond to a constant term (Po), linear
effects (f}j), and pure second-order interaction effects (B;) obtained by the
multiple nonlinear regression method, with € being the model error.

The performance and adequacy of the developed RSM model were
assessed following statistical parameters estimated using analysis of variance
(ANOVA): determination coefficients (R?, Adj R?), the coefficient of
variation (CV), and probability values (p-value).

3.2. HPH-assisted extraction

One of the emerging applications is the use of HPH nonthermal technology
for the extraction of phytochemicals, which requires polluting solvent-free
approaches and short processing times. HPH-assisted extraction experiments
were performed by firstly mixing raw materials suspended in distilled water
at 5 wt% using HSM (§ 1IL.2.1) equipped with an S25-N18 G rotor and
operated at 20,000 rpm in an ice bath to avoid any temperature increase. The
HSM suspensions after 5 min of processing were, subsequently, submitted to
HPH processing using in-house developed unit (§ 111.2.2.1). HPH was carried
out using an orifice valve assembly (orifice diameter ranging between 150 and
200 um) at 80 - 100 MPa for up to 20 passes. After each pass, the suspensions
were cooled down in a tube-in-tube heat exchanger set at different
temperatures, to ensure that the product temperature was ranging between 5
and 50 °C. Then, the extract was centrifuged (PK121R model, ALC
International, Cologno Monzese, Milan, IT) at 10,000xg-forces at 4 °C for 10
min to obtain clear supernatants, which were used for further quali-
quantitative analyses (Figure I11.6). Extractions were performed in duplicate.

L3N :
[ a— =
rYY I . Separation [ AL\ Supernatant | "
. shedy  centrifugation H (= | H \

2
i o, HPI [-as:ﬁmn! _
4wy  curaction

S o=
Agri-food residues High-shear High-pressure Quali-quantitative
(AFRs) mixing homogenization analyses

Figure 111.6 Simplification of the HPH-assisted extraction procedure carried
out on AFRs raw materials.
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4. Cellulose fiber isolation process

Cellulose isolation from AFRs requires a top-down chemical
deconstructing strategy, conventionally based on strong acid hydrolysis. This
process is the most widely used strategy because it is inexpensive and can
induce the breakdown of the fibrous cell walls, remove the lignin and
hemicellulose fraction, and, thus, expose the cellulose for extraction [2].
However, there are several disadvantages in using this conventional approach,
such as corrosion of equipment, environmental damage, as well as safety
issues [3]. For these reasons, the increase in efficiency of these isolation
methods, while decreasing the severity of the operating conditions, is highly
desirable. In this scenario, the aim of this work is to develop an efficient
process to isolate cellulose from AFRs via (i) mild chemical hydrolysis; (ii)
the combination of mechanical treatments by HPH technology and mild
chemical hydrolysis processes [4]; (iii) pulping process; and (iv) bacterial
fermentation.

4.1. Mild chemical hydrolysis

Mild chemical hydrolysis was performed to extract cellulose fiber from
tomato pomace, mainly composed of skins and seeds, kindly provided by the
industrial processing company Salvati Mario & C. spa (Mercato San Severino,
Italy), and from wheat bran. The tomato pomace was dried in an oven at 50
°C for 48 h. The dried material was milled in a lab knife grinder and sieved to
a final particle size < 2 mm. The milled pomace (sample TP) was packed in
vacuum-sealed flexible pouches (multilayer packaging OPP30-A19-LDPE70,
Di Mauro Officine Grafiche S.p.A., Cava de’ Tirreni, Italy) and kept at 5 °C
until used. In contrast, the humidity of wheat bran was 7.66 + 0.09%, therefore
no drying process needed before cellulose isolation process.

Cellulose from tomato pomace was extracted through a cascade chemical
route, consisting of three consecutive steps (Figure 111.7). Initially (first step),
the samples were treated with a 4.7% v/v H>SO4 solution (1:10 msampie: VSolution)
in a static autoclave at 121 °C for 45 min to hydrolyze polysaccharides and
acid-soluble polyphenols. After acid hydrolysis, the samples were removed
from the autoclave and rapidly cooled under running water. The second step
consisted of the alkaline hydrolysis carried out by using 4 N NaOH solution
(1:10 mgample:Vsolution) at 25 °C for 24 h under continuous stirring to dissolve
the remaining hemicellulose, lignin, and other polysaccharides. Finally, in the
third step, the samples were bleached with 4% H»O, solution, with pH
adjusted to 11.5 with NaOH (1:10 msample:Vsolution), at 45 °C for 8 h under
continuous stirring. At the end of each step, the solid residue and liquors were
separated through vacuum filtration. Liquors were recovered and used for
further characterization. Meanwhile, solid residues were washed by flushing
distilled water until the pH of the eluted water reached neutral values, and
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dried in an oven at 50 °C for 24 h. The resulting cellulose pulp was dried to
be used for further characterization.
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Figure 1I1.7 Schematic diagram of the procedures for extracting cellulose
from tomato pomace through cascade of mild chemical hydrolysis.

4.2. HPH-assisted chemical hydrolysis

The HPH fluid-mechanical treatment is exploited for the first time to
increase the efficiency of mild chemical hydrolysis processing for isolation of
cellulose with a defibrillated structure from tomato pomace. To evaluate the
effect of HPH treatment it has been applied at different level of chemical step:
before acid hydrolysis, before alkaline hydrolysis and before bleaching step,
as shown in Figure II1.8. In particular, the HPH treatment applied after each
chemical steps follows the procedure described below.

The tomato pomace was suspended in bidistilled water at 0.5 wt% on dry
weight. Then, the suspension was subjected to HSM at 20,000 rpm for 10 min
with the Ultra Turrax device (§ I11.2.1) equipped with an S25-N18 G rotor in
an ice bath, to avoid any temperature rises. Subsequently, the obtained
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suspension was treated by HPH using orifice diameter of 200 um at 80 MPa
and 25 °C for up to 20 passes, using an in-house developed system (§
I1.2.2.1). At the end of the HPH treatment, the suspension was concentrated
by using an R-200/205 Rotavapor (BUCHI Labortechnik AG, Flawil,
Switzerland) until achieving a volume reduction of up to 70%, prior to being
freeze-dried in a 25 L VirTis Genesis freeze-drier (SP Scientific Products,
Stone Ridge, NY, USA) at 7 Pa for 72 h. The HPH-treated freeze-dried sample
was then packed in vacuum-sealed flexible pouches and stored under
refrigerated conditions before proceeding to the isolation of cellulose through
the chemical hydrolysis steps.
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Figure 1I1.8 Schematic diagram of the procedures for extracting cellulose
from tomato pomace through HPH-assisted chemical hydrolysis.

4.3. Pulping process

Cellulose fibers were isolated from barley straw AFRs through pulping
process (Figure I11.9) by alkaline hydrolysis in a 15 It reactor equipped with
an external jacket to ensure the desired treatment temperature and a motor to
achieve the stirring of pulp suspension rotating the reaction vessel by means
of a horizontal axis. The barley straw was subjected to a soda pulping process
(NaOH at 7 wt%pwm) for 150 min at 100 °C with a liquid/solid ratio of 10:1.
The selected conditions entailed the minimum alkaline treatment
concentration, temperature, and time for satisfactory cellulose pulp formation.
After the pulping process, the cellulosic pulp was washed, dispersed in a pulp
disintegrator for 30 min at 1,200 rpm, and then fed to a refiner mechanical
pulping with a clearance between rotor and stator refiner plates about 5
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(Sprout-Bauer refiner) for facilitating the generation of shorter fibers. Finally,
the pulp was filtered by sieving through a 0.14 mm mesh size and, after
centrifugation to remove excess water, was dried at 60 °C for 24 h. Afterward,
the obtained cellulose pulp was subjected to a bleaching process to eliminate
the lignin contained in the fibers. Briefly, 0.3 wt% on dry basis of NaClO, was
added in acidified conditions (2 v% of acetic acid) to a 3 wt% on dry basis
cellulose pulp suspension at 80 °C for 1 h. This treatment was repeated three
times to achieve the final bleached cellulose fibers. By means of the bleaching
process, purified cellulose pulp was obtained, although in the case of
unbleached pulp, residual lignin content remained in the final product.
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Figure 1119 Schematic diagram of the procedures for extracting cellulose
from barley straw through pulping process.

4.4. Bacterial cellulose

SCOBY bacterial cellulose hydrogels were obtained in a static culture.
Culture medium was composed of 80 g/L sucrose and 4 bags of black tea per
litre of culture, at from the Department of Biochemistry of the University of
Naples Federico II. Moreover, the micronized AFRs (HPH-TP and HPH-WM)
in this study have been used at 13 g/L in substitution of sucrose in culture
media for the production of bacterial cellulose. The container was covered
with woven cotton fabric and left to stand in open air without direct sunlight
to allow BC hydrogel to form on the air-liquid interface. The obtained BC
hydrogel was kept in refrigerated conditions prior to further characterization
and utilizations.
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5. NCs isolation process

To obtain nanostructured cellulose, different top-down approaches have
been evaluated (Figure I11.10), including chemical and mechanical treatments
and a combination of these treatments applied on (ligno)cellulosic fibers
isolated from agricultural biomass.

Cellulose pulp isolated from AFRs
1 | | |

Combination of chemical and
mechanical treatments

Chemical
treatment

PF] bealer

| J

Nanocellulose isolatéd from AFRs cellulose pulp

TEMPO oxidation Ball mulling HPH

Figure IILI.10 Schematisation of the combined chemical and mechanical
treatment proposed in this work for NCs isolation from AFRs cellulosic pulp.

Table IIL.2 Summary of treatments and operating conditions for NCs
isolation from commercial cellulose and AFRs.

Cellulosic Ce"“lose_’ Treatment . fl“ype of
materials concentration applied Conditions isolated
(g/L) NCs
CHEMICAL TREATMENTS
Softwood kraft 12.5 TEMPO-mediated ~ CoHioN = 0.083 wt% CNCs
pulp Celeste oxidation NaBr = 0.5 wt%
85 t=4h
Softwood kraft 12.5 TEMPO-mediated  CoHi9N =10.013 wt% CNFs
pulp Celeste oxidation NaBr = 0.5 wt%
85 t=2h
MECHNICAL TREATMENTS
Cellulose - Ball milling Vsteelcup = 125 mL CNFs
Arbocel® # steel spheres = 25
BWW40 fibers dspheres = 10 mm
ratiospheres/cellulose=
10:1
t=30 min
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Cellulose - Ball milling Visteel cup = 125 mL CNFs
Arbocel® # steel spheres = 25
BWW40 fibers dspheres =10 mm

ratiOSpheres/cellulose:
10:1

t=60 min
Cellulose 5 High-pressure P =80 MPa CNFs
Arbocel® homogenization # passes = 20
BWWA40 fibers T=5°C
Tomato 5 High-pressure P =80 MPa CNFs
pomace homogenization # passes = 20
T=5°C
Bacterial 0.8 High shear mixing v =20,000 rpm MBC
cellulose t=10 min
T=5°C
COMBINATION OF CHEMICAL AND MECHANICAL TREATMENTS
Barley straw 10 TEMPO-mediated CoHioN =0.016 wt% (L)CNFs
oxidation NaBr=0.1 wt%
t=2h
High-pressure P =30-90 MPa
homogenization # passes = 10
T=5°C
Barley straw 100 PFI beater CoHioN =0.016 wt%  (L)CNFs
NaBr = 0.1 wt%
t=2h
High-pressure v =20,000 rpm
homogenization P=3N/m
t=15 min

5.1. Chemical treatments

NCs, in the form of nanocrystals (CNCs) and nanofibers (CNFs), were
obtained through TEMPO-mediated oxidation, by controlling the intensity of
the process (changing catalyst concentration and processing time), of northern
bleached softwood kraft pulp Celeste 85 (kind gift of SCA, Sundsvall,
Sweden), at laboratories of the Department of Physics of the University of
Trento.

TEMPO-mediated oxidation was performed according to the method of
Saito and Isogai [5] slightly modified as herein reported. In order to obtain
CNCs, 5 g of Celeste 85 pulp was swollen in 400 mL distilled water. 83 mg
of 2,2,6,6-Tetramethylpiperidine-1oxyl (TEMPO, CoHioN, > 98.0%, Alfa
Aesar Chemicals, Ward Hill MA, USA), the reaction catalyst, and 0.5 g of
sodium bromide (NaBr, > 99.99%, Carlo Erba, Milan, Italy), the catalyst re-
cycling, were solubilized in 100 mL H,O and added to the pulp suspension.
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The reaction was started by adding 18 mL of sodium hypochlorite
containing 6 - 14% active chlorine (NaClO, Sigma Aldrich, Milan, Italy)
which is the primary oxidant. The pH of the reaction mixture was kept in the
interval 10.5 - 11 by adding NaOH until it remained constant as occurred after
4 h. Then, the suspension was rinsed several times with distilled water and tip
sonicated at 80% power delivered in the suspension aliquots of 35 mL volume
by a Bandelin Sonuplus ultrasonicator system (Berlin, Germany).

CNFs were obtained with the same procedure except that a lower amount
of TEMPO catalyst (12.5 mg instead of 83 mg) was used, and the reaction was
stopped after 2 h. Finally, the suspension was rinsed several times with
distilled water and tip sonicated at 80% power delivered in the suspension
aliquots of 35 mL volume by a Bandelin Sonuplus ultrasonicator system
(Berlin, Germany).

5.2. Mechanical treatments

5.2.1. BM treatment

Ball-milled cellulose particles were produced from commercial cellulose
Arbocel® BWW40 fibers through BM at [IPCB-CNR of Naples. Cellulose was
preliminarily dried at 90 °C under vacuum for 24 h, and then samples (10.0 +
0.1 g) were treated in a Retsch PM100 planetary ball-milling system (Haan,
Germany), using a 125 mL steel milling cup and 25 steel spheres with a
diameter of 10 mm [6]. The weight ratio of spheres/cellulose was about 10:1.
The BM process was carried out for 30 min or 60 min.

5.2.2. HPH process

The HPH treatment was tested for its known ability to defibrillate cellulose
[7]. Commercial cellulose Arbocel® BWW40 fibers, cellulose pulp isolated
from tomato pomace was dispersed in distilled water at 5 g/L. Samples (200
mL) were pre-treated using a shear mixer (Ultra Turrax T-25, IKA
Labortechnik, Germany) at 20,000 rpm for 5 min, within an ice bath, before
HPH treatment at 80 MPa for 10 min at a flow rate of 22 mL/s, using an in-
house developed unit, equipped with a 200 pm diameter orifice valve (model
WS1973, Maximator JET GmbH, Schweinfurt). The use of smaller orifice
valves (and, hence, of higher operating pressures) was not possible because of
valve clogging. Tube-in-tube heat exchangers, with cold water at 5 °C, were
placed immediately up-stream and downstream of the orifice valve to ensure
that the product temperature was always kept < 10 °C. The obtained
suspensions were stored at 4 °C until use.
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5.2.2. HSM process

The HSM treatment was tested to micronize bacterial cellulose into
microfibers. Scoby biofilms by-product of Kombucha tea fermentation
process changing the culture media were dispersed in distilled water at 5 g/L.
and treated using a shear mixer (Ultra Turrax T-25, IKA Labortechnik,
Germany) at 20,000 rpm for 10 min, within an ice bath. The obtained
suspensions were stored at 4 °C until use.

5.3. Combination of chemical and mechanical treatments

The objective of this thesis work was not only to evaluate the efficacy of a
single chemical or mechanical treatment on the isolation of NCs from AFRs
cellulose pulp, but also to assess the feasibility of a combination of treatments
to further improve the delamination of the cellulose fibers, as well as to tuning
the physico-chemical properties of obtained nanostructured cellulose.
Therefore, to fulfill this purpose, hurdle approaches have been proposed by
using two independent pre-treatments prior to mechanical HPH process: (i)
chemical process by TEMPO-mediated oxidation and (ii) mechanical beating
by mechanical refining. Following both procedures on barley straw cellulose
pulp, (ligno)cellulose CNFs were obtained at the University of Cordoba.

The TEMPO-mediated oxidation pre-treatment was carried out by
suspending cellulose fibers at a final concentration of 10 g/L in distilled water
containing TEMPO catalyst (0.016 wt%pwm) and sodium bromide (0.1 wt%pm).
The TEMPO-mediated oxidation was started by adding a specific amount of
NaClO solution to obtain an oxidative power of 5 mmol/g on dry basis with
continuous stirring at room temperature. The pH of suspension was
maintained at 10 by adding NaOH solution (0.5 M) until no NaOH
consumption was observed. After about 2 h of reaction time, 100 mL of
ethanol was added to stop the oxidation reaction, and the oxidized fibers were
filtered and washed several times with distilled water [10].

On the other hand, the mechanical pre-treatment was carried out by
refining the cellulose fibers suspension at 100 g/L 20,000 rpm in a PFI beater
(Mill PFI type, Metrotec, Kirchheim, Germany) to reach a Schopper—Riegler
Degree (°SR) of 90, according to ISO 5264-2:2002 [11,12].

A 10 g/L suspension of pre-treated fibers were subjected to a
nanofibrillation process in a high-pressure homogenizer (PandaPlus 2000,
GEA Niro, Diisseldorf, Germany) following 4 passes at 300 bars, 3 passes at
600 bars and 3 passes at 900 bars [8,9]. After this treatment, the suspension
was cooled down at room temperature and stored at 4 °C before further
chemico-physical characterization.

112



Materials and methods

6. Papers and nanopapers formation

In the sector of paper and pulp industry, NCs have gained great interest
because of their abundant availability, renewable and eco-friendly nature.
Nanopaper is a fascinating free-standing thin film material and it is
advantageous over traditional pulp paper due to its mechanical properties
(such as high strength), optical transparency, thermal stability, smoothness,
etc. Therefore, in this thesis an effort has been perfused to evaluate the
properties of papers and nanopapers obtained using cellulosic pulp and NCs
isolated, respectively, isolated from barley straw and how the intrinsic
characteristics of NCs allow to modify the papers material properties. The
cellulosic pulp and NCs were dispersed in a pulp disintegrator at a final
concentration 5 g/L.. The suspension was filtered under vacuum at -600 mbar
until removal of supernatant water in a sheet former (Rapid Kothen, ISO 5269-
2). Afterward, sheets were dried at 85 °C between two nylon sieves to prevent
adherence and two cardboards until the papers and nanopapers were
completely dried (Figure III.11). All papers were stored for 48 h in a
conditioned room at 24 °C and 50% RH before characterization.
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nanocellulose disintegrator filtration nanopapers

Figure 1I1.11 Simplification of papers and nanopapers formation procedure
carried out on cellulose pulp and NCs.

7. Analytical determinations

The composition of raw materials, the bioactivity of high-added
compounds extracted, and the characterization of cellulose and NCs were
determined by applying the official analytical methods described in the
following sections.

7.1. Raw materials characterization

7.1.1. Moisture and ash content

In order to calculate the component content of different AFRs, the dry
matter content is essential to make analytical results for the different
parameters comparable. Moisture and ash content were gravimetrically
determined by drying at 105 °C in an air-force oven (AOAC Method 950.46),
and at 525 °C in a muffle (AOAC Method 923.02), respectively. The dry mass
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content was expressed as g of dry matter per g of sample (gowm/g), while the
ash content was expressed as g of ashes per g of dry sample (g/gpm).

7.1.2. Total protein analysis

Total protein content was determined by the Kjeldahl method, following
the procedures described by the Association of Official Analytical Chemists
International, as indicated above (AOAC Method 954.01), using a traditional
Kjeldahl apparatus (Model UDK 126 D, VELP Scientifica Srl, Usmate Velate,
Italy) with adjustable heaters for individual flasks. The digestion flasks had a
total capacity of 500 mL and a 50-mL class A buret was used after distillation
for titrations. Reagents used in this analysis were sulfuric acid (H.SOa, 98%,
Sigma-Aldrich, St. Louis, MO, USA), copper(Il) sulfate pentahydrate
(CuSO4-5H,0, ACS Reagent, Fisher Scientific, Waltham, MA, USA),
potassium phosphate monobasic (K2SOs4, > 99.5%, Honeywell Fluka
Charlotte, NC, USA), 40 wt% sodium hydroxide solution (NaOH, PanReac,
Barcelona, Spain), and chloridric acid (HCI, 36.5 - 38.0%, ACS Reagent,
PanReac). Water used was purified by Milli-Q water purification system
(Barnstead™ Pacific TII Water, Thermo Scientific).

For this assay, 1 g of grounded sample (ca 0.7 - 1 mm) was mixed with 20
mL of deionized water into a Kjeldahl tube. The material is digested in the
tube with H>SO4 (12 mL) to convert the protein N to (NH4)>SO4 at a boiling
point elevated by the addition of K»SO4 with the catalyst (7.0 g K»SO4 + 0.8
g CuS0y) to enhance the reaction rate. If mixture foams, 3 mL 30 - 35% H,0,
was slowly added. The nitrogen in the sample is thus converted to nonvolatile
ammonium sulphate. After cooling and dilution of the digest by adding 80 mL
of distilled water, the ammonium sulphate is converted to volatile ammonia
gas by heating with 40% NaOH. The ammonia is steam-distilled into an
excess of boric acid solution, where it is trapped by forming ammonium
borate. The amount of H3BO; receiving solution formed is determined by
titration using standard 0.10 M HCI to violet endpoint. To obtain the crude
protein content of raw materials, the N content was multiplied by a factor that
reflects the percentage of N in the sample protein. A general conversion factor
of 6.25 is applied. The crude protein content was expressed as g of Kjeldahl
nitrogen per g of dry sample (g/gpm).

7.1.3. Fat analysis

Total fat was quantified by gravimetry after extraction (AOAC Method
920.39), using the Randall modification of the standard Soxhlet method to
reduce the time needed for extraction process. Reagents used in this analysis
were ethanol (C,HsOH, 99.9%, VWR Chemicals, Radnor, PA, USA),
chloridric acid (HCI, 36.5 - 38.0%, ACS GR, PanReac), petroleum ether
(Ce¢His, ACS Reagent, Sigma-Aldrich), and diethyl ether ((C2Hs),0, > 98%,
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VWR Chemicals). Used water was purified by Milli-Q water purification
system (Barnstead™ Pacific TII Water, Thermo Scientific).

Briefly, 2 g of grounded sample (ca 0.7 - 1 mm) was mixed with 2 mL
C:H¢O and 10 mL HCI. The extraction system was then kept under gentle
agitation at 80 °C for 30 min. After this stage, 50 mL of a miscible solution of
petroleum ether and diethyl ether (1:1) solvents was added. The mixture of
petroleum ether and diethyl ether was used as the main solvent for lipids
extraction, in replacement of more toxic and high environmental impact
solvents such as hexane and isopropanol, which are commonly used for this
purpose. After extraction, the solvent was released by a rotary-evaporator
using a R-200/205 Rotavapor (BUCHI Labortechnik AG, Flawil,
Switzerland) and the last traces were removed by placing the flask with the
extract in a heater at 80 °C overnight. Lipid content was gravimetrically
determined from the difference in weight of samples before and after drying
and it was expressed as g of lipids per g of dry sample (g/gpm).

7.1.4. Determination of dietary fiber composition

The procedures for the determination of total dietary fiber (TDF) content
as outlined in this section is based on the methods ACC Method 32-05.01 and
AOAC Method 985.29, using Megazyme Total Dietary Fiber Kit (Megazyme
Ltd, Bray Ireland), that involves enzyme treatment steps. Reagents used in this
analysis were sodium hydroxide solution (NaOH, PanReac), chloridric acid
(HCl, 36.5 - 38.0%, ACS GR, PanReac), ethanol (C,HsOH, 99.9%, VWR
Chemicals), acetone (CH:COCHs, > 99%, VWR Chemicals), a-amylase,
protease and amyloglucosidase (Megazyme Ltd). Water used was purified by
Milli-Q water purification system (Barnstead™ Pacific TII Water, Thermo
Scientific).

1 g of dried grounded sample (ca 0.3 - 0.5 mm) in 50 mL phosphate buffer
(pH = 6.0) was incubated at 98 - 100 °C for 15 min with heat-stable a-amylase
to give gelatinisation, hydrolysis and depolymerization of starch. After
cooling down to room temperature, the pH was adjusted at 7.5 by adding 10
mL 0.275 N NaOH solution. 100 pL of protease solution was added to
solubilize and depolymerize proteins and incubated at 60 °C with continuous
agitation for 30 min. After cooling down to room temperature, the pH was
adjusted at 4.5 by adding 10 mL 0.325 N HCI solution. 200 pL
amyloglucosidase was added to hydrolyze starch fragments to glucose and the
suspension was incubated for 30 min at 60 °C with continuous agitation.
Finally, 280 mL 95% EtOH pre-heated to 60°C was added to precipitate
soluble fiber and remove depolymerized protein and glucose (from starch).
The residue was filtered; washed with three 20 mL portions of 78% EtOH,
two 10 mL portions of 95% EtOH, and two 10 mL portions of acetone; dried;
and weighed. Analyse residue from one sample of set of duplicates for protein
(§ III.7.1.2), using N x 6.25 as conversion factor.
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The other duplicate was used to determine the ash content (§ I111.7.1.1). The
percentage TDF is determined using Equation I11.2:
TDF (% w/w) (111.2)
Sample residue (mg) — Protein (%) — Ash (%)

=100
Initial sample (mg)

7.1.5 Cellulose, hemicelluloses, and lignin content

The cellulose, hemicelluloses and lignin content were determined using the
gravimetric method according to the methods reported by the Technical
Association of Pulp and Paper Industry (TAPPI). Reagents used in this
analysis were toluene (CsHsCH3, 99.8%, Sigma-Aldrich), ethanol (C,HsOH,
99.9%, VWR Chemicals), sulfuric acid (H2SO4, 98%, Sigma-Aldrich),
sulphuric acid (H2SOs, 98%, Sigma-Aldrich), 40 wt% sodium hydroxide
solution (NaOH, PanReac), acetic acid glacial (CH;COOH, > 99.7% ACS
Reagent, VWR Chemicals), and sodium chlorite (CINaO,, 80%, Alfa Aesar
Chemicals,). Water used was purified by Milli-Q water purification system
(Barnstead™ Pacific TII Water, Thermo Scientific).

Prior to the gravimetric component determination, a 6 h Soxhlet extraction
with a mixture of toluene and 96% ethanol (2:1) is employed according to
TAPPI (T-264 om-82) [13] and ASTM (E1721-01) methods to remove
compounds, which are not part of the biomass, and which may interfere with
the further analyses. These extractives are sugars, phenolic compounds, and
part of water-soluble polysaccharides according to the biomass type.

The lignin content of biomass samples was determined in accordance with
TAPPI T-222 om-22 methodology [14]. In this method, 1 g of the obtained
extractive-free sample was subjected to acid hydrolysis 72% H>SOj4 solution
(15 mL) for 2 h at room temperature to hydrolyze and solubilize the
carbohydrates. The sample was then diluted with water to obtain a final
sulphuric acid concentration of 3 wt% and further boiled for 4 h. Next, lignin
was allowed to settle before being filtered. The residue was washed using hot
water until reaching a neutral pH. The dried insoluble residue represents the
lignin content.

Cellulose extraction, based on the TAPPI T-203 method, was obtained by
alkaline treatment with soda and acetic acid applied on extractive-free samples
from the first isolation step. Ideally, holocellulose contains only cellulose and
hemicellulose. The procedure used for preparing holocellulose involves the
treatment of the 2.5 g milled extractive-free samples with an acid solution (80
mL) at 70 °C for 6 h. Sodium chlorite (2.6 mL at 25%) was added every hour
during 6 h. The mixture was then cooled down and the residue is filtered and
washed with distilled water. The residue was finally dried at room
temperature; an aliquot is weighted and dried at 105 °C for the determination
of the holocellulose content.
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The first step subjects the biomass sample to a concentrated acid that
disrupts the non-covalent interactions between biomass polymers. The second
step permits the optimization of the whole polymer hydrolysis while
minimizing the degradation of monomeric sugars. It must be pointed out that
degradations of sugars are unavoidable during these two steps of hydrolysis.

a-cellulose is defined as the residue of holocellulose insoluble in a 17.5
wt% NaOH solution. It is considered to represent the undamaged higher
molecular weight cellulose in the wood or biomass sample. 5 g of
holocellulose was added to a 17.5 wt% NaOH solution (100 mL) at room
temperature for a 30 min incubating period. The residue was filtered and
washed firstly two times with distilled water and then filtered again. Then, the
addition of 15 mL of a 10 wt% glacial acetic acid solution served at
hydrolyzing the degraded cellulose and hemicelluloses. The residue was
filtered and washed with hot water, and dried at 105 °C. The amount of a-
cellulose was finally determined gravimetrically. Hemicelluloses are more
readily hydrolyzed compared to cellulose because of their branched and
amorphous nature.

The determination of each component of the chemical characterization was
performed in triplicate and the means and standard deviations were calculated.

7.2. Bioactives and liquor side streams composition

7.2.1. Total phenolic compounds (TPC)

Total phenols were quantified through the Folin-Ciocalteau assay [15]
adopted to study natural antioxidant compounds; it measures the capacity of a
compound to reduce the Folin’s reagent, giving an estimation of its antioxidant
capacity. Reagents used in this analysis were Folin-Ciocalteau’s reagent
(VWR Chemicals), and sodium carbonate anhydrous (Na,CO3, > 99.5%, ACS
Reagent, PanReac). Water used was purified by Milli-Q water purification
system (Barnstead™ Pacific TII Water, Thermo Scientific).

Briefly, a sample of extract or liquor (I mL opportunely diluted with
distilled water) was added to Folin-Ciocalteau’s reagent (5 mL at 10% v/v)
and allowed to stand for 5 min at room temperature. Then, 7.5 wt% sodium
carbonate solution (4 mL) was added to the mixture. After vortexing for 1 min,
the mixture was incubated at room temperature for 60 min in darkness. The
absorbance of the reacting mixture was then read at 765 nm using a V-650
Ultraviolet—visible (UV-Vis) spectrophotometer (Jasco Inc., Easton, MD,
USA). Total phenols were expressed as milligrams of gallic acid equivalents
per gram of dry samples (mgcar/gom), by means of a calibration curve
obtained with a gallic acid standard at different concentrations (10 - 100
mg/L).
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For the detection of the total content of phenolic compounds in liquors, the
280-index method was also used [4]: the sample was opportunely diluted with
distilled water, and absorbance was directly read at 280 nm, which is the
characteristic absorption wavelength of a benzene ring. Phenols were
expressed as milligrams of gallic acid equivalents per gram of dry samples
(mggar/gom), by means of a calibration curve obtained with gallic acid
standard solutions (5 - 20 mg/L).

7.2.2. High Performance Liquid Chromatographic (HPLC) analysis

The identification and quantification of chlorogenic acid, caffeic acid,
gallic acid, quercetin 3-glucoside, epicatechin, and rutin contained in the
extracts were carried out by High Performance Liquid Chromatographic
(HPLC-DAD) analysis. HPLC analysis for single phenolic compounds
determination was performed in a Waters 1525 Separation Module coupled to
a photodiode array detector Waters 2996 (Waters Corporation, USA).
Reagents used in this analysis were phosphoric acid (H3POs, 85 - 90%,
Honeywell Fluka Charlotte), and methanol (CH3OH, > 99.8%, VWR
Chemicals). Water used was purified by Milli-Q water purification system
(Barnstead™ Pacific TII Water, Thermo Scientific).

Before the injection, all the collected extracts were filtered with 0.45 um
filters. For phenols determination, the mobile phase consisted of phosphoric
acid (0.1 %, eluent A) and methanol (100%, eluent B). The gradient elution
program was used as follows: 0 - 30 min from 5% B to 80% B, 30 - 33 min
80% B, 33 - 35 min from 80% B to 5% B. The flow rate of the mobile phase
and the injection volume was respectively 0.8 mL/min and 5 pL.
Chromatograms were acquired at the fixed wavelength comparing the HPLC
retention time and visible absorption spectra with those of commercial
standard, and the content was expressed as mg of ascorbic acid per g of dried
sample (mgaa/gom).

7.2.3. Reducing activity (FRAP assay)

The reducing capacity of extracts and liquors was evaluated with the FRAP
(ferric reducing antioxidant power) assay carried out according to the method
described by Benzie and Strain (1996) [16] with some modifications.
Reagents used in this analysis were 2,4,6-Tris (2-pyridyl)-s-triazine
(CisHi12Ng, 99%, Fisher Scientific), chloridric acid (HCI, 36.5 - 38.0%, ACS
GR, PanReac), and iron (IlI)chloride hexahydrate (FeCl;-6H,O, > 98%,
Sigma-Aldrich. Water used was purified by Milli-Q water purification system
(Barnstead™ Pacific TII Water, Thermo Scientific).

The FRAP working solution was prepared by freshly mixing 0.3 M sodium
acetate buffer, 10 mM TPTZ (2,4,6-Tris (2-pyridyl)-s-triazine) solution in 40
mM HCI, and 20 mM ferric solution at a ratio of 10:1:1 (v/v/v). Freshly
prepared FRAP reagent solution (2.5 mL) was mixed with 0.5 mL of an
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opportunely diluted sample and incubated for 10 min at ambient temperature.
The change in absorbance due to the reduction of ferric-tripyridyltriazine (Fe
III-TPTZ) complex by the antioxidants present in the samples was measured
at 593 nm using a V-650 UV-Vis spectrophotometer (Jasco Europe Srl,
Cremella, Italy) against blank (applying the same analysis conditions).
Ascorbic acid was used as the standard for the calibration curve, and the FRAP
values were expressed as ascorbic acid equivalents present in dried sample
(mgaa/gow).

7.2.4. Structural carbohydrates and lignin determination

Liquid fractions resulting from the side streams of chemical hydrolysis for
cellulose isolation were analyzed for acid soluble lignin, cellulose,
hemicellulose, and acetic acid using Megazyme Total Dietary Fiber Kit
(Megazyme Ltd), as described in the following sections.

7.2.4.1. Acid soluble lignin content

Acid soluble lignin was determined by reading the absorbance at 320 nm
in a V-650 UV-Vis spectrophotometer (Jasco Inc.). Soluble lignin was
expressed as g of lignin present in 100 g of residue fibers (gsoluble lignin/100
EResidue fiber)-

7.2.4.2 D-Glucose concentration

Cellulose content was evaluated from the D-glucose concentration by
using the GOPOD-format kit assay (K-Gluc assay, Megazyme, Lansing, MI,
USA) based on the glucose oxidase/peroxidase reaction. The reactions
involved are:

(Glucose oxidase)
D — Glucose + 0, + H,0 ——— D — gluconate + H,0,

2 H,0, + p — hydroxybenzoic acid + 4 — aminoantipyrine
l (Peroxidase)
quinoneimine dye + 4H,0

3.0 mL of GOPOD Reagent was added to 0.1 mL of sample solution and
incubate at 40 - 50°C for 20 min. The absorbance of the reacting mixture was
then read at 510 nm using a V-650 Ultraviolet—visible (UV-Vis)
spectrophotometer (Jasco Inc.) against the reagent blank. Then D-glucose
concentration was multiplied by the correction factor of 0.88 to obtain
cellulose content, expressed as g of glucan present in 100 g of residue fibers
(gGtucan’/ 100 Rresidue fiber)-
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7.2.4.3. D-Xylose concentration

Hemicellulose concentration was quantified from the xylose concentration
(K-Xylose assay, Megazyme) based on the interconversion of the a- and f3-
anomeric forms of D-xylose catalysed by xylose mutarotase. The reactions
involved are:

(Xylose mutarotase)

a—D — Xylose B — D — xylose

The B-D-xylose is oxidised by NAD" to D-xylonic acid in the presence of
B-xylose dehydrogenase at pH 7.5, according to the following reaction:

(B-xylose dehyd )
B —D — Xylose + NAD™ Poxylose dehydrogenase D — xylonic acid

+ NADH + H*

The amount of NADH formed in this reaction is stoichiometric with the
amount of D-xylose.

2.0 mL of distilled water was added to 0.1 mL of sample solution with 0.4
mL of buffer (pH = 7.5), 0.4 mL of NAD"/ATP, and 0.02 mL of hexokinase
suspension. The mixture was incubated at room temperature for 5 min.
Afterwards, 0.05 mL of XDH/XMR solution was added and let react for 6
min. The absorbance of the reacting mixture and of the reagent blank
(prepared as aforementioned with distilled water instead of sample) was then
read at 340 nm using a V-650 Ultraviolet-visible (UV-Vis) spectrophotometer
(Jasco Inc.). The absorbance of the reacting mixture was multiplied by the
correction factor of 0.90. Hemicellulose values were expressed as g of xylose
present in 100 g of residue fibers (gxylose/ 100 Zresidue fiber)-

7.2.4.4. Acetic acid concentation

Acetic acid concentration was determined by using the AK/PTA format kit
assay (K-Acetrm assay, Megazyme), based on the conversion of acetic acid
(acetate) into acetyl-phosphate and adenosine-5’-diphosphate with acetate
kinase in the presence of ATP. The reactions involved are:

(Acetate kinase)
Acetic acid + ATP ——— > Acetyl — phosphate + Adenosine

— 5" — diphosphate
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(Phosphotransacetylase)

Acetyl — phosphate + Coenzyme A Acetyl
— CoA + Pi

Adenosine — 5’ — diphosphate + Phosphoenolpyruvate

(Pyruvate kinase)
——— > Pyruvate + ATP

+ (D-lactate dehydrogenase) . .
Pyruvate + NADH + H D — lactic acid

+ NAD*

The amount of NAD® formed in the above reaction pathway is
stoichiometric with the amount of acetic acid. It corresponds to NADH
consumption which is measured by the decrease in absorbance at 340 nm.
Acetic acid values were expressed as g of acetic acid present in 100 g of
residue fibers (gAcetic acia/ 100 EZResidue fiber)-

7.2.5. Dialysis purification

The liquor was centrifuged at 5,000 rpm for 15 min to remove the
sediments. The supernatant was dialyzed against water for several days until
the dialysate become neutral. The dialyzed suspension was then sonicated
(Elmasonic S30H, Elma Schmidbauer GmbH, Singen, Germany) in an ice
bath for 5 min at 40% amplitude to disrupt the large aggregates and get a
uniform suspension. Afterward, the suspension was freeze-dried and stored at
4 °C for future characterization.

7.2.5.1. Fourier Transform Infrared Spectroscopy (FT-IR) analysis

Fourier-transform infrared (FT-IR) spectroscopy in attenuated total
reflectance (ATR) mode was performed on freeze-dried solid residue after
dialysis by a PerkinElmer Spectrum One FTIR spectrometer (Waltham, MA,
USA), equipped with an ATR module, using a resolution of 4 cm™ and 16 scan
collections.

7.2.5.2. Scanning Electron Microscopy (SEM) analysis

The solid residues from liquors were analyzed by using a Scanning
Electron Microscopy (SEM) at [IPCB-CNR of Naples. The samples were
dehydrated at room temperature, mounted on aluminium stub, and coated by
10 nm thick gold palladium alloy sputter coater before observation in a high-
resolution FEI Quanta 200 FEG (FEI, Eindhoven, The Netherlands) at
20,000x magnification.
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7.3. Cellulose pulp characterization

7.3.1. Cumulative yield of isolation

The yield of obtained cellulose (%) was calculated as the ratio between the
weight of cellulose obtained after the treatments and the initial cellulose
weight of AFRs, as shown in Equation I11.3:

Weesiaue ri W 1 1113
Yield (%) = Residue fiber Glucan - ( )
WAFRs WResidue fiber Cellulose
AFRs
-100

7.3.2. Structural carbohydrate and lignin determination

The cellulose residues obtained after chemical treatments were subjected
to a strong acid hydrolysis followed by dilute acid hydrolysis for the
quantification of cellulose, hemicellulose, and lignin contents, according to
Sluiter et al. 2011 [17]. The reagent used for the following hydrolysis is
sulfuric acid (H2SO4, 98%, Sigma-Aldrich).

The cellulose residues were treated with 72% H>SO4 solution (0.2:1
MSample: Vsolution) at 30 °C in a water bath for 60 min. Then, distilled water was
added to obtain a final concentration in H,SO4 equal to 3% v/v and the mixture
was autoclaved at 121 °C for 60 min. After cooling down at room temperature,
the solid fraction was separated from the liquid one by using Robu™
borosilicate glass filter crucible (Thermo Fisher Scientific, Waltham, MA,
USA) with a porosity of 2 (40 - 100 um pore size). The solid residue was
analyzed for moisture (according to AOAC 950.46, § II1.7.1.1) and ash
content (according to AOAC 923.02, § III.7.1.1) to determine the acid in-
soluble lignin fraction. Meanwhile, liquid fraction was analyzed for acid
soluble lignin, cellulose, hemicellulose and acetic acid using Megazyme Total
Dietary Fiber Kit (Megazyme Ltd), as described in the § 111.7.2.4.1 - 7.2.4.4.

7.3.3. FT-IR analysis

FT-IR spectroscopy was used to obtain the spectra of the cellulose pulp
samples, an FT-IR-4100 series spectrophotometer (Jasco Europe Srl,
Cremella, Italy) at ambient conditions using a single-reflectance horizontal
ATR cell (ATR-PRO 470-H with a diamond prism, Jasco Europe Srl). The
infrared spectra were collected in absorbance mode from an accumulation of
128 scans over the wavenumber regions of 4000 - 400 cm™' at a resolution of
4 cm™'. Three repetitions from each sample were used for each spectra
measurement. The resulting averaged spectra were smoothed with five-point
under adaptive-smoothing function to remove the eventual noises and then
baseline modification was applied.
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7.3.4. Morphological analysis

A qualitative determination of the structural properties of isolated cellulose
through different treatments was performed by using an optical microscopy
and Scanning Electron Microscopy (SEM) analysis.

7.3.4.1. Optical microscopy analysis

The morphology of celluloses was observed with an optical microscope
(Nikon Eclipse TE 2000S, Nikon instruments Europe B.V., Amsterdam, The
Netherlands) with a 10x objective, coupled to a DS Camera Control Unit (DS-
5M-L1, Nikon Instruments Europe B.V, Amsterdam, The Netherlands) for
image acquisition and analysis.

7.3.4.2. SEM analysis

The morphological features of cellulose were analyzed by using SEM as
previously described in § 7.2.5.2.

7.3.5. Particle Size Distribution (PSD)

The size distributions of isolated cellulose particles in aqueous suspensions
(1 wt%pwm) were measured by laser diffraction at 25 °C with a Mastersizer
2000 instrument (Malvern instrument Ltd., Mal-vern, UK), using the
Fraunhofer approximation, which does not require knowledge of the optical
properties of the sample, as reported by Pirozzi et al. 2021 [6]. The
temperature of the cell was maintained at 25 + 0.5 °C, and an average of
triplicates was determined. The surface-weighted mean diameter D[3,2] and
volume-weighted mean diameter D[4,3] were evaluated according to Equation
II1.4 and II1.5, respectively:

> nidi3 (111.4)
D[3,2] =

i nidiz

i Tlid? (11L.5)
D[4,3] =

i nidi3

where n; is the number of particles of diameter di.

Additionally, characteristic diameters d(0.1), d(0.5), and d(0.9) were
evaluated, corresponding to the 10™, 50™ (median value), and 90™ percentile
of the cumulative size distribution of the suspensions.

The relative span factors were calculated according to Equation II1.6, to
express the distribution width of the droplet size distribution:

g d(0.9) —d(0.1) (I11.6)
Pan =" 40.5)
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7.3.6. Water contact angle

The contact angles (O) of water on the isolated cellulose were measured
by the sessile drop method [18], using a contact-angle meter (KSV
Instruments LTD CAM 200, Helsinki, Finland), equipped with an image
analysis software. Briefly, a drop of about 2 pL of distilled water was gently
dispensed on the cellulose (placed on the instrument stand to be aligned
horizontally in the contact point with the water drop) using a 500 uL syringe
(Hamilton, Switzerland) with a 0.71mm diameter needle. Measurements were
made each 1 s for a total of 30 s to evaluate the contact angle changes over
time. The contact angle measurements were carried out in open air at room
temperature (24 £ 1 °C), in situ. Contact angles were measured in triplicate,
and the average contact angle was calculated as the mean value over the 30 s
measurement.

7.4. NCs characterization

NCs or their suspensions have been characterized by a variety of
techniques to evaluate features and properties in terms of structural, physico-
chemical, and mechanical properties, and to assess their availability to be used
in various innovative applications.

7.4.1. Nanofibrillation yields and nanosized fraction

The nanofibrillation yield and nanosized fraction of NCs suspensions
consist in the determination of the nanoscale particle fraction in the suspension
by a gravimetric method, according to the protocol described by Besbes et al.
(2011) [10] and Naderi et al. (2015) [19], respectively. The dry weight of the
non-nanometric material precipitated during centrifugation compared to the
dry weight of the initial suspension was used to inversely determine the
nanofibrillation yield and nanosized fraction.

7.4.2. Morphological analysis

The morphological properties of nanostructured cellulose were performed
by using optical microscopy, SEM, and Atomic Force Microscopy (AFM)
analysis to point out the geometrical dimensions and shape which vary based
on their origin, extraction methods, and manufacturing conditions, which in
turn affects the suspension rheology and colloidal behaviors [20].

7.4.2.1. Optical microscopy analysis

The optical microscopy for the evaluation of NCs suspensions was
performed using the method reported in § III 7.3.4.
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7.4.2.2. SEM analysis

The morphological features of NCs were analyzed by using SEM as
previously described in § 7.2.5.2.

7.4.2.3. Atomic Force Microscopy (AFM) analysis

Atomic Force Microscopy (AFM) images were acquired using a NT-MDT
P47H probe microscope (Apeldoorn, Netherlands) scanning operated in the
semi-contact mode (tip spring constant = 40 N m™) at laboratories of the
Department of Physics of the University of Trento. Detailed information on
the size and morphology of the isolated NCs was obtained by analyzing these
images with the Gwyddion 2.59 software.

7.4.3. Carboxyl content

The carboxyl content was determined using conductimetric titration
[10,19,21]. The pH of NCs suspension at 0.25 wt%pm was adjusted at 2.7
using HCI solution (0.1 M) to exchange the sodium cations bound to the
carboxyl groups by hydrogen ions. When a stable suspension was obtained,
the mixture was titrated with NaOH solution (0.1 M). The titration curves
showed the presence of a strong acid corresponding to the excess of HCI and
a weak acid corresponding to the carboxylate content, the total amount of
carboxyl groups, expressed as the average mmols of -COOH groups per gram
of NCs, was calculated from the Equation II1.7:

(Vz - V1) *Cnaon (IL.7)

Incs
where Ccoon is the carboxyl content; V; and V| are the equivalent volumes
of'added NaOH solution; Cnaon is the concentration of NaOH solution; gncs is
the weight of NCs on dry basis.

Ccoon =

7.4.4. Cationic demand

The cationic demand was determined using a particle charge detector
Miitek PCD 05 (BTG Instruments, Schweden, Séffle) following the
methodology described by Espinosa et al. (2016) [9] and Carrasco et al. (1998)
[22]. Briefly, 15 ml of NCs suspension at 0.2 wt%pwm was mixed with 25 mL
of cationic polymer polydiallyldimethylammonium chloride (polyDADMAC
0.001 N) during 5 min with magnetic stirring. Then, the mixture was
centrifuged for 90 min at 4,000 rpm. The supernatant was put in the Miitek
equipment and anionic polymer (Pes-Na) was then added to the sample drop
by drop until the equipment reached the value of 0 mV. The volume of anionic
polymer consumed was used to calculate the cationic demand through
Equation II1.8:
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CcD (111.8)

B (Cpiy-papmac — Veory-papmac) — (Cres—na — Vpes—na)

Incs
where CD is the cationic demand; Vi is the volume of polymer used; C; is
the concentration of polymer; gncs is the weight of NCs on dry basis.

7.4.5. FT-IR analysis

The effect of the chemical and mechanical treatments used on chemistry
structure of CNFs was examined by FT-IR spectra (FT-IR Spectrum Two
series spectrophotometer, PerkinElmer, Waltham, Massachusetts, United
States) at ambient conditions. The infrared spectra were obtained in
transmittance mode collected 40 scans over the wavenumber regions of 4000
- 400 cm™ with a resolution of 4 cm™ on NCs previously dried in an air oven
at 60 °C for 24 h.

7.4.6. Crystallinity index

The X-ray Spectra for the different CNFs were measured by using a Bruker
D8 Discover with a monochromatic source Cu Kol over an angular range of
7 - 50° at a scan speed of 1.56°/min. The crystallinity index (CI) was
calculated by using the empirical Equation I11.9 [23]:

oo — 1
cl = 200 am 400 (111.9)

1200

where Ly is the intensity of the 2 0 0 peak (I200 26 = 22°) and Iam is the
intensity minimum between the peaks at 2 0 0 and 1 1 0 (I.m 20 = 15°).

7.4.7. {-potential

The C-potential values were measured by dynamic light scattering (DLS)
and electrophoretic mobility using a Zetasizer (ZSP, Malvern Instruments
Ltd., Worcestershire, UK) at 25 °C. The CNFs suspensions previously diluted
to 0.1 wt%pwm with deionized water were stirred for 30 s with T-25 Ultra
Turrax device (IKA® -Werke GmbH & Co. KG, Staufen, Germany) equipped
with an S18N-19 G rotor. The analysis was realized in triplicate, and mean
value and standard deviation were calculated.

7.4.8. PSD analysis

The size distributions of isolated NCs in aqueous suspensions (1 wt%pwm)
were measured by laser diffraction at 25 °C with a Mastersizer 2000
instrument (Malvern instrument Ltd., Mal-vern, UK), as described previously
in § I11.7.3.5.
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7.4.9. Turbidity

The turbidity of the NCs suspensions was measured before being diluted
to 0.1 wt%pwm and stirred for 10 min with T-25 Ultra Turrax device (IKA® -
Werke GmbH & Co. KG, Staufen, Germany) equipped with an S18N-19 G
rotor, was measured with a portable turbidimeter (TN/3025 model,
LabProcess, Barcelona, Spain). Three measures were carried out for each
suspension and the results were expressed as the average with the unity NTU
refers to Nephelometric Turbidity Units.

7.4.10. Intrinsic viscosity

The intrinsic viscosity (n) of 0.2 wt%pm of NCs suspensions was
determined according to the ISO 5351:2010 standard and the degree of
polymerization (DP) is related to the intrinsic viscosity, by the Equations
I111.10 and II1.11 [24]:

np = s (I11.10)
DP(< 950): DP = 0f1452

np — (I11.11)
DP(> 950): DP 8

The measurements were made five times, and the mean value and standard
deviation were calculated.

7.4.11. Interfacial tension and three-phase contact angle

The interfacial tensions of NCs (0.5 wt%pwm) were measured by using the
pendant drop method using a contact-angle meter (KSV Instruments LTD
CAM 200, Helsinki, Finland), equipped with an image analysis software.
Briefly, a syringe equipped with a stainless-steel needle (0.71 mm in diameter)
filled with the aqueous phase containing nanoparticles was submerged into the
oil phase within a glass cuvette. The initial volume of the formed drop during
the whole experiment was about 30 pL. The optical contact angle meter
recorded the change of the oil/water interface, and the Young-Laplace
equation was used to calculate the interfacial tension. Distilled water was used
as the control. The interfacial tension (y) measurements were performed for
2,500 s, and the equilibrium interfacial tension values were estimated using
the exponential decay model of Equation I11.12 [25]:

-t (11.12)

Y = Yo+ (Vo = Ya)e ™

where yoo is the asymptotic interfacial tension, Y0 is the initial interfacial

tension, tr is the characteristic time for the arrangement of the molecules at
the water-oil interface, and t is the time variable.
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7.4.12. Tensile strength and Young’s modulus of papers and

nanopapers

The tensile properties were measured with Lloyd LF Plus Tensile Test
Machine (Lloyd Instruments Ltd, Bognor Regis, United Kindom) equipped
with a 1 kN load cell, following the standard NF Q03-004. The mechanical
properties of the papers and nanopapers were evaluated by tensile tests,
performed on rectangular samples (10 cm length and 15 mm width) with an
initial gauge length of 10 cm and crosshead speed of 10 mm/min. The
thickness was measured using a high accuracy Digital Micrometer (Mitutoyo
Europe GmbH, Elgoibar, Spain). Young’s modulus was calculated from the
resulting stress-strain curves. The measurements were done at room
temperature and at least nine samples were tested. Results have been
expressed as a mean value = standard deviation.

7.4.13. Porosity of papers and nanopapers

The porosity was calculated from the papers and nanopapers basis weight
and thickness, using the following Equation III.13, as reported by Desmaisons

etal. 2017 [26]:
BW

€ Pc

(IIL.13)

P=(1— )-100

where BW is the basis weight (kg/m?), ¢ is the thickness (m), and pc is the
density of cellulose, considered as 1540 kg/m’.

8. Statistical analysis

Experiments were repeated in triplicates Significant differences at (p <
0.05) were assessed with SPSS 20 (SPSS Inc., Chicago, IL, USA) statistical
package through one-way analysis of variance (ANOVA) and Tukey's test.
The data were normally distributed.
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Chapter 1V
Bioactive compounds, cellulose,
and nanocellulose extraction

Section IV.1 — Bioactives extraction optimization
from AFRs

Section IV.2 — Cellulose isolation from AFRs

Section IV.3 — Nanocellulose isolation

The Sustainable Development Goal has as its main objective the reduction
of food waste through several approaches such as the re-use of agro-industrial
by-products available in huge amounts and their exploitation through
complete valorization of their high-valuable compounds. The extraction of the
bioactive compounds through conventional methods has been used for a long
time, whilst the advanced novel nonthermal and green treatments technologies
are debated in the present chapter leading to the development of new,
ecologically friendly, and high-efficiency processes. Apart from the extraction
of bioactive compounds with beneficial properties to human health, this
chapter addresses also the promising and innovative methodologies for the
isolation of cellulose from agri-food residues (AFRs). In particular, mild
chemical hydrolysis and mechanical treatments or a combination of them have
been exploited as effective treatment techniques for delignification and
cellulose recovery. Moreover, further valorization of isolated cellulose is
investigated through top-down deconstructing strategies to obtain cellulose
nanoparticles, improving the economic viability and sustainability of biomass
biorefineries.
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Section IV.1
Bioactives extraction
optimization from AFRs

This section aimed to optimize the conventional solid-liquid extraction
(SLE) process using central composite design for response surface
methodology from response surface methodology (RSM) with the aim to
intensify the extractability of phenolic compounds from different AFRs. Total
phenols extracted (mgaar/gpm) were used as response variable to identify the
optimal extraction conditions in terms of the most effective organic solvent
(acetone, ethanol, or methanol) and solvent concentration (0 - 100% solvent
in water) at fixed temperature (25 = 1 °C) and sold/liquid ratio (1:10). The
extracted compounds were analyzed also via HPLC-PDA analysis.
Additionally, this section was further focused on the investigation of HPH-
assisted extraction with the aim to sustainably intensify the extractability of
phenolic compounds with high antioxidant activity maintaining the stability
of these phytochemicals. The latter was performed without the use of organic
solvents on different aqueous suspensions of AFRs at different temperatures
(5, 25, and 50 °C) at fixed pressure (80 MPa), number of passes (20) and
sold/liquid ratio (1:50). Results revealed that, at a fixed extraction pressure
(80 MPa), the application of HPH at optimal temperature operating condition
(25 °C) has the potential to significantly improve the bioactive compounds
recovery by requiring less time and no solvents than conventional extraction
methods, with the added benefit of using low temperatures and ensuring high
extraction yields for temperature-sensitive compounds, without degradation
phenomena during HPH application. Moreover, micronization treatment of
AFRs water suspensions allowed to reduce their size distribution below the
visual detection limit, due to the disruption of individual plant cells, increasing
in this way the suspension stability against sedimentation. Remarkably, also
the release of bioactive compounds in the aqueous suspension was influenced
by the size reduction and the consequent increase of their porosity and surface
area.
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IV.1.1. Specific goal and work plan

Agri-food industries are particularly responsible for the generation of high
volumes of organic wastes (biomasses), reaching up to 140 billion tons per
year [1], although a considerable part of this is not related to food wastage
issues [2]. Disposal of these residues represents a cost to the food processor
and has a negative impact on the environment. On the other hand, these
materials can be considered as largely available by-products and low-cost
sources of value-added compounds (including polyphenols, anthocyanins,
tannins, and vitamins), whose recovery represents a valuable opportunity.
Therefore, the exploitation of AFRs is a formidable challenge, since it might
improve the sustainability of food industry production and create economic
and social benefits, mitigating at the same time their environmental burden
[3]. Especially, the recovered gamut of bioactive compounds with high
commercial value has a potential application as natural additives or active
ingredients in food, cosmetic, and pharmaceutical products. “Zero waste
economy” prospective is a new eco-innovative concept which is based on the
use of waste like a raw material for novel food products and ingredients and
applications [4]. The recovery of bioactive fractions by conventional and
modern technologies and their further valorization in different applications
and industries is schematically illustrated in Figure IV.1.
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Figure IV.1 Recovery of bioactive fractions from AFRs by conventional and
innovative technologies for different applications.

The recovery of bioactive compounds via conventional solid-liquid
extraction (SLE) techniques is a well-established method for the recovery of
valuable compounds from food wastes/by-products, due to its ease of
operability and scalability. Despite this, SLE method is limited by the
presence of the cell envelope (membranes and wall) in plant tissues, which
exerts a significant resistance against mass transfer phenomena of solvents
and target intracellular compounds, slowing down the solvent extraction
process. Nevertheless, extraction yield is usually high, but the usage of
solvents involved in the extraction process is generally toxic and harmful.
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In addition, due to the uncomplete removal of solvents, the extracted
phytochemicals may have adverse effects on human health, causing potential
implications on the extract quality, such as loss of functionality of the desired
compounds, and on the applications. Although this issue may be solved by
using food-grade solvents, there are other challenges as well. These include
long duration of extraction, high cost to use high-purity solvent, and the use
of heat treatment. which results in the degradation of thermolabile
phytochemicals [5-7]. Considering the mentioned drawbacks of the
conventional extraction methods, intensive efforts have been made for the
development of more efficient, sustainable, and ecologically friendly
extraction technologies, such as enzyme-assisted extraction, supercritical fluid
extraction, microwave-assisted extraction, and ultrasound-assisted extraction
[8].

An alternative approach involving solvent-free extraction methods has
been investigated in this work. In this frame, high-pressure homogenization
(HPH) has gained great interest as nonthermal and easily scalable cell
disruption technique of plant tissue, which induces the rupture of cell
envelops, thus enhancing the extractability of target intracellular compounds
from food by-products matrices, with reduced time, and without the usage of
organic solvents, especially considering the safety issue related to the final
products to be used as food supplements, pharmaceutical and/or cosmeceutical
applications. However, to date, limited studies demonstrated the feasibility of
the HPH impact on the extractability of phenolic compounds from AFRs.
Furthermore, in order to fully exploit the potential benefits and advantages
derived from the application of HPH-assisted extraction over the conventional
SLE process, it should be emphasized that an optimization step is required. To
this regard, response surface methodology (RSM) is a statistical tool that, by
means of appropriate design and analysis of experiments, enables to gain
insight on the effect of the different processing variables and their interactions
on target response variables, while minimizing the count of experimental runs.
As described in detail in chapter III, RSM has been successfully applied for
optimizing SLE processing conditions, evaluating the effect of different
organic solvents and solvent concentration on the total phenols content of
AFRs tissues, with the aim to define the minimum treatment severity that
maximizes the extraction yield. The selected solvents and concentration for
the SLE process were used to perfume the extraction kinetic, with regard to
define the optimal extraction time. The composition of polyphenols in the
obtained extracts and their antioxidant properties were evaluated using HPLC-
PDA analysis and FRAP analysis, respectively. Afterwards, HPH-assisted
extraction at 80 MPa for 10 min (which corresponds to 20 equivalent passes)
with water as the process medium has been applied on different AFRs to
optimize temperature conditions (5, 20, and 50 °C). HPH-assisted extraction
impact was evaluated on extraction yields of total phenolic and antioxidant
activity by FRAP method (Figure IV.2).
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I1V.1.2. Short materials and methods
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1V.1.2.1. AFRs raw material characterization

Moisture (method 950.46), ash (method 923.02), protein (method 954.01),
and fats (method 920.39) analyses were performed using methodologies
recommended by the Association of Official Analytical Chemists
International (AOAC), as described in detail in § IIL.7.1.1 - 7.1.3.
Carbohydrate content was calculated by difference. All analyzes were
performed in triplicate.

1V.1.2.2. Experimental design for SLE extraction

Response surface methodology (RSM) was used to establish the
relationship between response variables and process variables, to determine
the optimal extraction conditions of SLE process, which maximize the total
phenols compounds. A second-order polynomial model reported in Equation
IV.1 was used to predict the response variable as a function of the investigated
independent factors, as explained in § I11.3.1.

Y, = fo +Zﬁjxj +ZZﬁijxin +e (V.1
7

i<j
1V.1.2.3. HPH-assisted total phenols extraction

HPH-assisted extraction of AFRs was carried out in a house-developed
unit (§ [11.2.2.1) using an orifice valve assembly (orifice diameter 200 um) at
80 MPa for up to 20 passes, as schematized in Figure I11.6.

1V.1.2.4. Analytical determinations

The extracts from SLE and HPH-assisted extraction process were quali-
quantitatively analyzed in terms of total phenolic compounds (TPC and
HPLC) and antioxidant power (FRAP and DPPH), as previously reported in §
I1.7.2.1. - 7.2.3. In addition, a qualitative determination of the structural of
HPH extracts was performed by using an optical microscopy (§ 111.7.3.4.1)
and their size distributions was measured by laser diffraction at 25 °C with a
Mastersizer 2000 instrument (§ 111.7.3.5).

IV.1.3. Results and discussion
1V.1.3.1. Characterization of AFRs raw materials

The characterization of AFRs raw material used in the present study is
shown in Table IV.1.
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ompake Sl Mol | Ve Neome S Wit T

Moisture (%) 7.99 +0.06 10.75 £ 0.06 5.97 £0.04 80.41 +1.99 62.58 £2.21 10.59 +0.01 11.54+0.10 80.70 £ 0.83 6.72+£0.13
Ash (%opm) 6.40+0.04 5.93+0.03 5.10+0.81 10.52 +3.08 35.88 +5.80 3.79+£0.25 5.83 £0.60 4.90+0.27 18.71 +£0.23
Protein (%obwm) 24.78 £ 0.49 2430+ 1.24 16.96 + 0.41 58.13£7.95 51.88+1.77 18.53 +1.21 19.10 = 0.40 14.65 +0.21 2.56+0.25
Fat (%bwm) 5.30+0.09 2.30+£0.21 1.00 £ 0.02 1.55+£0.14 2.70 +£0.33 0.79 £ 0.06 0.85+0.10 1.20+0.14 0.82+0.15
Omaﬂ.u\ww\_,wva&am 63.52 +0.49 68.47 + 1.24 76.94 +0.91 29.80+9.84 9.54 £3.55 76.90 +1.23 74.22+0.72  79.25+0.34 76.44 +0.34

Table IV.1 Chemical composition of AFRs raw materials.
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It can be observed that the moisture, ash, lipid, protein, and carbohydrate
content are in agreement with those found in literature [3,9-14]. Minor
differences in chemical composition between this work and those found in the
literature can be explained by differences in climate and soil conditions,
variety, agricultural practices, post-harvest management, and genetic
characteristics of the analyzed samples.

1V.1.3.2. RSM analysis and optimization of the conventional
extraction process

Hemp cake and sunflower cake, by-products from oilseed cakes and
sunflower oil refining, respectively, can be considered as a rich source of
polyphenols, mainly located in the hull [15]. Spent coffee grounds from the
industrial production of soluble coffee [16], lignocellulosic AFRs such as
wheat bran, wheat middlings, rice husk [17]; and other wastes from the wood
industry have been widely described as a clean source of phenolic compounds,
mainly deriving from hydrothermal and/or autohydrolysis processing of lignin
[1]. Additionally, also the main by-products of tomato processing and wine
industry, i.e. tomato and grape pomace, respectively, contain mainly phenolic
compounds such as flavanones and flavonols, quercetin, rutin, and kaempferol
glycoside derivatives [18]. Polyphenols still present in these AFRs could be
recovered and exploited for application in a variety of sectors given their high
health-beneficial properties, such as cardioprotective, neuroprotective, anti-
inflammatory, anticarcinogenic, antioxidant, and antimicrobial activities [19].
To this purpose, the RSM optimization was used to explore the effect of type
of organic solvent and solvent concentration on the resulting total phenols
recovery form AFRs obtained by conventional extraction. The data obtained
from the [-Optimal experiment design were fitted to a second-order
polynomial equation (Equation III.1). The values and significance of the
regression coefficients of the predicted polynomial models and corresponding
p values for each variable of different AFRs are reported in Table IV.2.
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Table 1V.2 Analysis of variance (ANOVA) of the second-order polynomial

f different AFRs.

ique o

ompeake  SUover ol | Wikegre Redgmpe Wbt i T sk
Bo 2.4097 12.5876 60.0919 2.9259 60.0919 3.7882 4.4755 24.2936 1.8468
Bi 0.8787 1.2737 -5.3765* 0.7430* -5.3765* -0.2182 -0.4736 -2.8697 -0.0739
B2 0.3159 -1.7485* -22.9276%** 0.3731 -22.9276%** -1.0747** -0.5966* 1.0038 -0.4464**
Bi2 -0.1868 1.6693 7.0167* 1.3365** 7.0167* 0.6802* 0.1830 -3.4695 0.2559*
B 0.03793 -1.2115 -2.3723 0.8089 -2.3723 0.2276 0.1973 1.2223 0.0650
B2z -0.9154%* -5.7743* -29.1726%** -0.6145 -29.1726** -1.1829%** -1.1467* -1.6931 -0.8612**
R? 0.5536 0.9194 0.9780 0.8285 0.9780 0.9275 0.7433 0.5575 0.9435
Adj- R? 0.4880 0.7315 0.9266 0.7283 0.9266 0.7585 0.5444 0.4751 0.8118
C.V. (%) 33.04 19.29 12.10 25.19 12.10 13.44 16.61 16.36 14.33

model for the total phenols extraction with SLE techn

< 0.05 **p < 0.0] ***p <0.001
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Depending on the matrices, factors B and B,, as well as the combinations
of factors P12 and B2, presented a statistically significant effect (p < 0.05) on
extracts. In contrast, in all extracts, B1; quadratic term was not significant (p
> (.05) for the total phenols variable of the AFRs extracts. Moreover, by
analysis of variance, the R? value of the models was higher than 0.74 and the
Adj-R? value did not differ significantly from R* value, which showed that the
regression model fitted well the experimental data of the system. Only two
samples were not fitted well by the model (R? > 0.56). Another parameter that
made evident the adequacy of the model was the coefficient of variation (CV,
%) which suggests a lower spread of data values relative to the mean.

The 3D response surface plots, shown in Figure IV.3, graphically represent
the multilinear regression of the total phenols as a function of type of solvent
and solvent concentration (Equation IIl.1). The ultimate aim of the 3D
response surface plots is to enable the prediction of the optimum values of the
independent variables (solvent type and solvent concentration) that maximize
the response variable (total phenols).
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(e) Red grape pomace
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Figure IV.3 Response surface plots for the total phenols (mgcar/Spm)
extraction of AFRs as a function of type of solvent and solvent concentration

(%).

In the first place, results suggest that the pure solvents have a negative
effect on the concentration of phenolic compounds in the extracts.
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Particularly, water-alcohols mixtures have been revealed to be more efficient
in extracting phenolic constituents than the corresponding mono-component
solvent systems. This phenomenon can be caused by an improvement in the
mass transfer caused by the fraction of water present in the solvent. The water
causes swelling of the raw material that facilitates the entry of solvent into the
cell, improving the extraction yields [20], especially polar compounds stored
in the vacuoles. Considering that using solvent-water mixtures more
compounds are extracted from internal organelles, the polarity of the solvent
plays a fundamental role for their solubilization, thus allowing a higher
concentration of total phenols in the extracts [21]. From these results, the
optimal solvent and solvent-water mixture ratio have been selected that
enabled the achievement of the highest extraction yield, were defined.

According to these results, further investigations of the extractability of
bioactive compounds from AFRs during 24 h were performed under the
defined optimal extraction time conditions. Time of extraction is in fact an
important parameter to be optimized in order to minimize energy costs of the
process. To this purpose, Figure IV.4 shows the kinetics of polyphenols
extraction from AFRs using the previously optimum water-solvent mixture at
25 °C and solid-solvent ratio 1:10. The kinetics curves are fitted by Langmuir
model (Equation IV.2).

MYcae\ _ t (Iv.2)
C ( ) — “Max | .
Iom T+t

where Cwmax is the saturation concentration of phenols compounds
extraction (mggae/gom), t is the extraction time (min), and 7 is time at which
half of the maximum concentration of total phenols that can be extracted
(min).
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(i) Rice husk
Ethanol 50 v%

Total phenols (Mgga/gpy)

Time (min)
Figure 1V.4 Extraction kinetics of total phenols from AFRs at 25 °C and solid-
solvent ratio 1:10. Dotted lines represent the Langmuir fitting curve (Equation

V.2).

Independently on the investigated sample, goodness of the fitting of the
Langmuir kinetic models for all experimental data was confirmed by the
values of the coefficients of determination, as shown in Table IV.3.

Table V.3 Fitting parameters and coefficients of determination for the fitting
of the data of Figure 1V.4, using Equation 1V.2.

Chwmax T 2 i

(MgGAE/gom) (min) R Adj-R

Hemp cake 2.333 232.711 0.991 0.909
Sunflower cake 18.057 10.943 0.974 0.971
Roasted coffee beans 45.579 137.989 0.998 0.997
White grape pomace 7.169 100.811 0.975 0.973
Red grape pomace 20.039 117.523 0.964 0.961
Wheat middlings 3.339 6.909 0.807 0.791
Wheat bran 3.666 7.767 0.845 0.832
Tomato pomace 3.007 5.698 0.952 0.947
Rice husk 1.523 93.498 0917 0.909

It could be observed that for every studied raw material, the amount of
extracted polyphenols increased continuously with time. The rate of extraction
decreased progressively, and the extraction was completed at the end of the
experimental runs (after 24 h extraction). From the extraction curves, it is
obviously clear that the content of polyphenols was not exactly the same in
the fractions of different AFRs. Moreover, the different particle size of
different materials affects the kinetic of polyphenols extraction. The results
obtained by extraction from the finest fraction of the AFRs, i.e. wheat
middlings (Figure IV.4f) and wheat bran (Figure IV.4g) with d < 0.1 mm and
d < 0.5 mm, respectively, confirm that the saturation yield of extraction has
been achieved with less extraction time. The higher contact surface between
the solvent and the fine solid particles favored the extraction of polyphenols.
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The kinetics of the extraction from these fine particles was very fast and the
yields were almost constant after the first 1 h of extraction. As a result, the
high initial rate of polyphenols extraction was followed by a slower extraction
rate, and asymptotically approaching an equilibrium concentration.

Figure IV.5 summarizes the total phenols content of extracts obtained from
different AFRs with the optimal extraction conditions.
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Figure IV.5 Total phenols content of extracts obtained after a SLE extraction
at 25 °C from AFRs, after 24 h of diffusion. Different letters above the bars
indicate significant differences among the mean values (p < 0.05).

It can be seen that all of the wastes contained large amounts of total
phenolics, the measured phenolic content ranging from about 2 to 42
mgcar/gom. These values are in line with those reported previously in
literature, where the total phenols for roasted coffee beans are higher than
those found for other agri-industrial wastes [16], such as hemp cake [15],
sunflower cake [10], grape pomace [22], tomato pomace [23], and
lignocellulosic by-products [24], which were below 20 mg mggar/gpm. In
conclusion, the examination of the results supports the suitability of AFRs as
a source of phenolic compounds. Furthermore, a qualitative identification of

146



Bioactive compounds, cellulose, and nanocellulose extraction

phenolic compounds in extracts form is conducted using HPLC analysis with
a UV-Vis diode array detector (DAD) (Figure IV.6).
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(g) Wheat bran (h) Tomato pomace
0.100; 0.030:
0.028
oo 0.026°
0.080: 0024
0.0223
oo7e 0.0207
2 0.018] =
e 4
0,060 o 0.016] 3
% 0.014 5
0050 3
2 8 0012 2
ae0] 3 v 0010 = g
= 0.008] a _1_, g
0050 w2 < poosd = ] &
8 3 g o =
€ 0.004] = s E &
> & E 2 g
0.020) g. h-) = o002 | I ] 3
s g s E ]
g g ool 5 2 : Z
0010 i 5 @ o i 5 fisy
| 2 3 0.002 o il !
> [ 1 & 0.004 4 |
0.000{—*4 ~ t = T I ”I_F)'\-—
e NP | . 0,006 S || P
g 000 200 400 600 800 10.0012 0014 0016 00 18 D020 D022 0024 0026 0028 D030 0O B 3 ¥ T T T
- oty e : 0.00 500 1000 1500 2000 2500  30.00
Mrutes
(1) Rice husk
o1
0 050
0 0&gr
oo
0 D6
0050
004l
N 00
= 0004 ‘E
5
00 L]
00103 é o o z
2 3 | =
ooae] \ £ g- o &
\) TE & -
oo} = F M
L &E 3 R
0 D4 y oo ;
O 5 750 450 60 555 10,0012 00 14'037% 00 18 0070.0077 0024 8074 5374 6090 00

e

Figure IV.6 HPLC-PDA chromatograms of extracts obtained after 24 h of
SLE at 25 °C from AFRs.

As shown in Figure V1.6, a wide variety of phytochemical components was
observed in the extracts. Chlorogenic acid and quercetine-3-glucoside are the
major phenolic acids regardless of the AFRs analyzed. This data supports the
aforementioned results of total phenols and, therefore, the antioxidant
activities of phytochemicals extracted from AFRs were evaluated below
(Figure IV.7).
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Figure 1V.7 Antioxidant activity of extracts obtained after a SLE extraction
at 25 °C from AFRs, after 24 h of diffusion: (a) FRAP and (b) DPPH assay.
Different letters above the bars indicate significant differences among the
mean values (p < 0.05).
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The effect of solvent over antioxidant capacity of extracts was presented
positively for FRAP (Figure IV.7a) and negatively for DPPH (Figure IV.7b).
The positive effect of the organic solvent concentration over FRAP response
and the low response to DPPH radical could be due to the low ability to reduce
Fe’*, suggesting a higher concentration of hydrophobic phenols [25].
Furthermore, the DPPH did not present a correlation with the total phenolic
content of the extracts (p > 0.05). Despite that, in agreement with previous
findings, the behavior of the antioxidant activity in the case of FRAP analysis
appeared very similar to that achieved for total phenols concentration. This
similarity indicates, as expected, that phenolic compounds present in the AFRs
extract are probably the main responsible for its antioxidant capacity. In
particular, from the results illustrated in Figure IV.5 and Figure 1V.7a, it
clearly appears that the extracts derived from the roasted coffee beans
possessed a higher antioxidant activity than other extracts at the selected
optimal extraction temperature, which was likely due to the high amount of
phenolic compounds recovered. Nevertheless, because all phenolic
compounds do not show antiradical power, the correlation between
polyphenols of AFRs extracts and their antioxidant capacity (FRAP) must be
carefully studied. The correlation existing between the total phenols contents
and their antioxidant powers could be described by means of a linear function
(y = 0.852 - x, R* = 0.929, data not shown). This confirmed that a strong
positive correlation was found between the total phenols and antioxidant
activity, with a Pearson correlation coefficient of about 0.954, indicating that
the global antioxidant activity of the extracts is mostly associated with the
phenolic compounds.

1V.1.3.3. Effect of HPH treatment on bioactive compounds extraction

Conventionally, phytochemicals are recovered from plant materials using
solid-liquid extraction techniques. In this Ph.D. work, an approach based on
the use of HPH assisted extraction and only water as extraction solvent has
been investigated used for the extraction of phytochemicals from several
AFRs. The hypothesis is that the usage of HPH mechanical and nonthermal
processes may increase the extractability of intracellular compounds, such as
phytochemicals. Moreover, the effect of extraction temperature on total
phenols extraction (Figure IV.8a) and their antioxidant activity (Figure I'V.8b)
was evaluated at different operating parameters. In this process, as previously
reported in § IV.1.2.3, the suspensions are forced through a small orifice (200
um). The AFRs particles at higher lignocellulosic material content and with
rigid structure agglomerate to form a larger mass which in turn clogs the
orifice and prevents materials from going through the HPH treatment
chamber. Therefore, the disadvantage of this process is the impossibility of
treating some of the raw material selected, such as hemp and sunflower cake,
grape pomace, and rice husk.
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Figure 1V.8 (@) Total phenols and (b) reducing activity obtained of AFRs
extracts through (B) SLE extraction with organic solvent at optimum
operating conditions and HPH-assisted extraction in water at (1) 5 °C, (8)
25 °C, and (M) 50 °C. Different letters above the bars indicate significant
differences among the mean values (p < 0.05).
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With HPH treatment at 80 MPa and 5 °C for 20 passes using water as the
process medium an increase of 13%, 21%, 23%, and 19% in phenols
extraction yield was obtained compared to SLE process for roasted coffee
beans, wheat middlings, wheat bran, and tomato pomace, respectively. The
obtained results show also a very clear influence of the treatment temperature
on the extraction of polyphenols. HPH-assisted extraction of phenolic acids at
room temperature further improved the extraction yield of about 21%.
Generally, the temperature has a positive effect on the extraction of phenolic
compounds from vegetal sources [26,27]. The observed positive effect of
temperature could be explained by the higher solubility of polyphenols, the
higher diffusivities of the extracted molecules and the improved mass transfer
at higher temperatures [21]. On the other hand, subjecting AFRs to high
temperatures (around 50 °C), might lead to the release of certain phenolic
compounds while simultaneously triggering possible thermal oxidation or
degradation of others [27]. For example, when Rajha et al. (2013) compared
the water extraction yield of phenolic compounds form Cabernet Sauvignon
grape by-products in a range of temperature between 33 and 50 °C, they found
that diffusion time had a quadratic negative effect on TPC, showing a
maximum TPC value at 30 h [28]. This is because long extraction time could
lead to a reversed effect on the phenolic compounds likely due to oxidation or
degradation reactions triggered by oxygen present in the head space of test
flasks, which would be accelerated at higher temperatures [28]. Nevertheless,
it is worth noting that, regardless the AFRs, the positive correlation between
the phenols concentration and reducing activity leads to achieving a Pearson
correlation coefficient higher than 0.999, which indicates that the antioxidant
activity is completely caused by the extracted phenolic compounds.

The phenolic compounds extraction from HPH-treated AFRs and the
exposure of antioxidant functional groups, which improves the antioxidant
capacity, are strongly related to the microfluidization process. It effectively
increases the specific surface area of vegetable materials by size reduction and
more importantly loosens their microstructure, exposing more functional
groups to the surrounding liquid phase, and even creating pores or cavities
inside them.

1V.1.3.4. Effect of HPH treatment on physical characteristics of
AFRs suspensions

Mechanical treatments induced a measurable disruption of the vegetable
tissue, which became more evident after HPH process. Visually, as shown in
Figure IV.9, the AFRs suspensions became more homogeneous in appearance
in comparison with HSM-treated samples. These observations can be
correlated with the microscopical observations (Figure 1V.10), which show
that HSM micronization caused only the fragmentation of the tissue into
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smaller cell aggregates, with negligible effects on cell wall integrity. Along
with improving functional and physicochemical properties, HPH treatment
also improves the progressively individual cell disruption, as suggested by the
large fraction of filamentous debris appearing in the suspension, likely as the
result of cell wall breakage. The significant variation in size and shape of
samples before and after HPH process could be attributed to the fluid-
mechanical stresses occur during the treatment, which improved the trimming
of the particles along their length. Accordingly, the results achieved by Juri¢
et al. (2019) for tomato peels [29] and Wang et al. (2013) for wheat bran [30]
are in agreement with the results of the present study.

“

(b) (B)
(c) ©)
(d) (D)

Figure IV.9 Visual observations of roasted (a) coffee beans, (b) wheat
middlings, (c) wheat bran, and (d) tomato pomace in water suspension.
Lowercase letters indicate AFRs suspensions after HSM treatment, capital
letters indicate AFRs suspensions after HPH treatment.
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(a) (A)

(b). (B)

(€)

(D)

(d)

Figure IV.10 Brighfield micrographs of (a) roasted coffee beans, (b) wheat
middlings, (c) wheat bran, and (d) tomato pomace in water suspension.

Lowercase letters indicate AFRs suspensions after HSM treatment; capital
letters indicate AFRs suspensions after HPH treatment.
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The extent of the cell disruption related to the size reduction can be
desumed from the particle size distribution curves reported in Figure IV.11.
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Figure IV.11 Particle size distribution of (a) roasted coffee beans, (b) wheat
middlings, (c) wheat bran, and (d) tomato pomace in-water-suspensions
treated by HSM and HPH.
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Table IV.4 Characteristic diameters (um) of the particle size distribution of

the AFRs aqueous suspensions treated by HSM and HPH.
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The particle size of the suspension is described in Table V.4, through the
characteristic diameters d(0.1), d(0.5), d(0.9), D[4,3], and D[3,2] as a function
of applied treatment. Both micronization methods resulted in smaller particle
sizes compared to the non-micronized samples. Also, the smallest particle size
has been seen when HPH was employed on the AFRs water suspensions.

More specifically, the HPH treatment also caused a significant reduction
in diameters corresponding to the 10™, 50" and 90™ percentile of the
cumulative distribution (d(0.1), d(0.5), d(0.9), respectively, with a decrease in
the distribution width (expressed as d(0.9) - d(0.1)) spanning ranging between
580 to 1020 pm for HSM and between 55 to 90 pm for HPH. Interestingly,
the size distribution in terms of volumetric (D[4,3]) weighted decreased by
~94%, 88%, 89%, and 92% for roasted coffee beans, wheat middlings, wheat
bran, and tomato pomace, respectively. While the surface weighted mean
diameters (D[3,2]) exhibited a change by ~78%, 52%, 75%, and 87% for
roasted coffee beans, wheat middlings, wheat bran, and tomato pomace,
respectively, slightly fewer than D[4,3]. Nevertheless, small particles are more
difficult to micronize [31,32], HPH treatment allowed to decrease both D[4,3],
greatly influenced by the presence of large particles, and D[3,2] influenced by
the smaller ones. Particle size variation also leads to change the stability
characteristics of the AFRs water suspensions. The larger particles in
suspension have a tendency of sedimentation due to shear force arising from
internal instability [33]. Meanwhile, very small particle sizes lead to increase
in interaction with sample network, which increases stability [34].

Remarkably, HSM treatment is not able to destroy individual plant cells,
whereas HPH treatment does. In particular, the plant cells are completely
disrupted, increasing (i) the suspension stability against sedimentation and (ii)
the release in the suspension of most of the intracellular content. These results
are consistent with the aforementioned results of the bioactive compounds
release in water upon micronization treatment, which also induced an
enhanced bioaccessibility of the antioxidant compounds, generally contained
inside the cells.

IV.1.4. Conclusions

The water suspensions of AFRs represent a by-product with high added
value. The present work clearly demonstrated that the antioxidant functional
groups of phenolic compounds of AFRs exhibited antioxidant capacity when
they are exposed to the surrounding liquid phase.

The results for the SLE conventional extraction of polyphenols are
presented. Here, different organic solvents, as well as the influence of water
in the extracting organic solvent are discussed concerning equilibrium and
mass transport kinetics. The SLE studies confirmed that this process has a
significant effect on the extraction of high-valuable active compounds.
Moreover, the kinetic study plays a very important role in evaluating the
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extraction process because it allows estimation of the cost-effectiveness of the
process in saving time, money, and energy. Although phenols extraction with
SLE is efficient, it is necessary to not overlook the fact that the use of
chemicals and the processing time are the main technological advantages.

The micronization process through HPH mechanical treatment (80 MPa
for 10 min at 25 °C) significantly increased the exposure of the phenolic
compounds and the associated antioxidant capacity with respect to SLE. This
study clearly substantiates the merits of particle size reduction leading to a
higher extractability of polyphenols.

Thus, in view of the exploitation of AFRs derived from the industrial
transformation, HPH treatment led to a more efficient recovery of phenolic
compounds decreasing the extraction time and without the usage of solvents,
which have negative effects from economical and environmental points of
view, respectively. In this way the valorization of AFRs leads to a greater
diversity of natural products to be used as food supplements or in cosmetics
formulation, while lowering economical and environmental impact.
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Section 1V.2
Cellulose isolation from AFRs

Part of results of this section have been published or are currently under review in scientific journals:

e Pirozzi, A., Ferrari, G., Donsi, F. (2022). Cellulose Isolation from Tomato Pomace Pretreated by High-
Pressure Homogenization, Foods, 11, 266. doi:10.3390/foods11030266.

e Pirozzi, A., Pappalardo, G., Donsi, F. (2023). Recovery of nanocellulose from agri-food residues
trough chemical and physical processes, Chemical Engineering Transactions, Under review.

e Pirozzi, A., Rincon Rubio, E., Donsi, F., Espinosa Victor, E., Serrano, L. (2023). Quality index of
nanostructured cellulose from barley straw by-product in aerogel materials as efficient dye removal
systems, Under submission.

This section proposes a biorefinery approach for the exploitation of
different valuable compounds of AFRs, such as tomato pomace (TP) and
barley straw (BS), through top-down chemical deconstructing strategy,
mainly based on mild acid hydrolysis and a combination of chemical
hydrolysis with HPH mechanical treatment. In particular, the cellulose pulp
was isolated using different combinations of chemical and physical processes,
by applying HPH treatment (i) directly on the raw material; (ii) after the acid
hydrolysis; and (iii) after alkaline hydrolysis. As an alternative approach, this
section focused also on bacterial cellulose (BC) isolation through bottom-up
green constructing strategy derived from the biofilm by-product of Kombucha
tea fermentation process, using sucrose or micronized AFRs (in particular
tomato pomace and wheat middlings) as a substitute for sucrose source in the
culture media. Results show that these isolation routes allowed to achieve
cellulose pulp with tailored morphological properties from underused
lignocellulose feedstocks or by-products of fermentation process, evaluated
through light scattering for particle size distribution, optical and scanning
electron microscopy, and FT-IR analysis. Moreover, the mild chemical
process produced side streams rich in bioactive molecules, evaluated in terms
of total phenols and reducing activity. From the overall results collected in this
section, an efficient cellulose extraction has been accomplished along with the
valorization of the value-added compounds still contained in the AFRs
biomass, subjected to further studies of nanostructured cellulose, as described
in § IV - section IV.3. In summary, this study provides a feasible solution to
deconstruct cellulose from lignocellulosic AFRs and to construct bacterial
cellulose from fermentation of Kombucha tea, which has potential
applications in the future as green advanced functional materials, with both
processes accopained by the recovery of side streams rich in bioactive
compounds (acid or alkaline liquors, or Kombucha beverage).
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IV.2.1. Specific goal and work plan

In recent years, cellulose has received increasing interest as a renewable
raw material for the production of biodegradable polymeric products,
contributing to replace fossil resources, considering their depletion,
fluctuation in oil price and the negative environmental impacts [35]. Cellulose
is a linear homopolymer of glucose (C¢H206)n, consisting of repeated units of
D-glucose in a *C; conformation. In the global scenario, among the available
sources of renewable feedstock for cellulose isolation, lignocellulosic
biomass, including agricultural residues, stands out. In contrast, the use of the
vastly available by-products and wastes, also known as AFRs, is currently
limited to livestock feed, providing a limited added value, or landfill or energy
production by combustion, causing potential environmental issues [36].
Therefore, new strategies for the exploitation of AFRs represent a great
opportunity for more sustainable routes for the recovery of high value-added
compounds, as well as for mitigating their environmental burden. To date,
research has primarily focused on the production of cellulose from
lignocellulosic waste, such as coconut husk fibers [37], cassava bagasse [38],
hazelnut shells [39], rice husk [14,40,41], wheat straw [39-41], oat hull [45],
and okara [46,47]. All these biomasses mainly consist of three natural organic
polymers, cellulose, hemicellulose, and lignin, and contain also small amounts
of proteins, pectin, and other extractives (e.g. bioactive molecules).

Among the different side-streams from agriculture, lignocellulosic
biomass, such as straws from cereal plants (barley straw, BS; wheat bran, WB;
and rice husk, RH), is the most abundant renewable biomass on Earth, with
approximately 200 billion tons per year of lignocellulosic biomass supply by
worldwide from the forestry residue and agricultural wastes [45-49]. In
addition, also tomato processing industry represents an interesting case study
for enhancing and integrating synergic solutions for waste management,
considering that tomato is one of the most widely cultivated vegetable crops
in Mediterranean countries. It is one of the largest primary vegetable crops.
As such, tomato processing industry is responsible for the production of large
amounts of solid waste (~ 3 - 4% of the fresh processed tomatoes weight, also
known at tomato pomace, TP), which creates a major disposal problem in
terms of costs and environmental impacts [53].

Nowadays, BS, WB, and RH are mainly buried in soil or burnt in the field
causing air pollution and fire risk, used as organic compost and as cattle feed.
These uses do not add value to agricultural activity and are not sufficient to
manage all waste generated in agricultural activity [54]. Meanwhile, TP is
partially exploited for the organic extraction of lycopene [55,56], a powerful
natural antioxidant carotenoid widely used in food, pharmaceutical and
cosmetic products [57]. More recently, TP has been investigated as feedstock
for anaerobic digestion to produce biogas [55,58,59]. However, these AFRs
can also be exploited to recover cellulose, because it is a good source of the
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complex carbohydrates composing the lignocellulosic plant cell wall, i.e.
cellulose, hemicelluloses and lignin as well as other minor components
(Figure IV.12).
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Figure 1V.12 Schematic representation of top-down deconstructing strategy
for cellulose isolation from AFRs cell wall.

In general, cellulose isolation from AFRs requires a top-down chemical
deconstructing strategy, conventionally based on chemical or enzymatic
hydrolysis. More in detail, the isolation process is based on strong acid
hydrolysis (such as 63 - 72% H»SOs4 [60,61], 42% HCI [62,63], or 77 - 83%
H3PO4 [64]), followed by alkaline hydrolysis (1 - 10% NaOH [62-64]) and a
bleaching process to remove residual pigments (1 - 2% NaClO [68—70] or 5 -
15% H»0, [71,72]). Chemical hydrolysis is the most widely used strategy
because it is inexpensive and is able to induce the breakdown of the fibrous
cell walls, remove the lignin and hemicellulose fraction, and, thus, expose the
cellulose for extraction [73]. However, there are several disadvantages in
using this conventional approach, such as corrosion of equipment,
environmental damage as well as safety issues [47]. For these reasons, the
increase in efficiency of these isolation methods, while decreasing the severity
of the operating conditions, is highly desirable. However, available data show
intrinsic limitations in the cellulose extraction that can be obtained: lower acid
concentrations are reported to produce particles characterized by highly
amorphous regions with low-crystallinity, therefore, reducing yield and purity
of cellulose [74].
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In this scenario, the aim of this study is to develop an efficient process to
isolate cellulose from different AFRs, via mild chemical hydrolysis processes
(e.g. reducing alkali concentrations) and the combination of mechanical
treatments by HPH and mild chemical hydrolysis processes for more
sustainable cellulose production processes. The fluid-mechanical stresses on
the biomass occurring within the interaction chambers during HPH treatment
were previously reported to induce (i) a significant reduction in particle size;
(i1) and increase in surface area [29]; as well as (iii) the disruption of the well-
arranged cellulose-hemicellulose-lignin complexes, causing what is referred
to as fiber activation or cellulose defibrillation [75]. The HPH fluid-
mechanical treatment is here exploited for the first time to increase the
efficiency of mild chemical hydrolysis processing for the isolation of cellulose
with a defibrillated structure from AFRs. Moreover, it is also aimed to
demonstrate that the selected mild chemical hydrolysis conditions are able to
produce side streams very rich in bioactive compounds, further contributing
to the valorization of the AFRs under study.

Another strategy adopted in this work is to isolate bacterial cellulose (BC)
from Kombucha tea fermentation (Figure IV.13). Traditionally, BC is
produced from expensive culture media, containing glucose as carbon source
and other nutrient sources resulting in very high production costs, which limits
the use of this material to very high value-added applications. The use of cheap
carbon and nutrient sources is an interesting strategy to overcome this
limitation and therefore to increase the competitiveness of this unique
material. Mostly, the AFRs have abundant sugars such as glucose and fructose
that could be bio-converted into useful products. Therefore, an interesting
approach for improved production of BC with cheap and readily available
substrate to bring down the cost of production, as well as for changing its
biological properties is the use of a combination of carbon sources with two
different symbiotic AFRs consortia: HPH micronized TP and WM.

Cellulose
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Figure IV.13 Schematic representation of bottom-up constructing strategy for
bacterial cellulose from Kombucha tea fermentation.
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The hypothesis was that it is suitable to use Kombucha symbiotic
community of bacteria and yeast (SCOBY) to produce BC taking advantage
of the low-cost media and high purity of isolated cellulose. This new approach
contributes to reducing the use of chemicals and treatments for efficient
cellulose isolation while taking advantage of different phytochemical
compounds, which provide bioactive properties to cellulose itself.
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1V.2.2. Short material and methods
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Figure IV.14 Schematic representation of methodology used for cellulose

isolation from AFRs.
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1V.2.2.1. Cellulose, hemicelluloses, and lignin content of AFRs

The cellulose and hemicellulose were determined using the gravimetric
method according to TAPPI T-203, while lignin content according to TAPPI
T-222 om-22 methodology, as described in detail in § II1.7.1.5. Prior to the
gravimetric component determination, extractives (such as sugars, phenolic
compounds, and part of water-soluble polysaccharides) have been removed
according to TAPPI method (T-264 om-82) [13] and ASTM E1721-01. All
analysis were performed in triplicate and the means and standard deviations
were calculated.

1V.2.2.2. Cellulose isolation processes

The processes adopted to isolate cellulose from AFRs are summarized in
Table IV.5. More in detail the treatments are (i) mild chemical hydrolysis (as
described in detail in § [11.4.1); (ii) the combination of mechanical treatments
by HPH technology and mild chemical hydrolysis processes (as described in
detail in § I11.4.2); (iii) pulping process (as described in detail in § 111.4.3); and
(iv) bacterial fermentation (as described in detail in § 111.4.4).

Table IV.5 Summary of treatments and operating conditions for cellulose
isolation from AFRs.

AFRs raw materials Treatment applied Conditions
MILD CHEMICAL HYDROLYSIS
Tomato pomace (TP) Chemical hydrolysis
* Acid hydrolysis H,S04=4.7% v/v
T=121°C
t=45 min
« Alkaline hydrolysis NaOH =4 N
T=25°C
t=24h
* Bleaching H,0,=4%
pH=1L15
T=45°C
t=8h
HPH-ASSISTED CHEMICAL HYDROLYSIS
Tomato pomace (TP) HPH treatment P =280 MPa
T=25°C
# passes = 20

Chemical hydrolysis

* Acid hydrolysis H,SO0,=4.7% v/v
T=121°C
t =45 min

* Alkaline hydrolysis NaOH =4 N
T=25°C
t=24h

* Bleaching H,0,=4%
pH=11.5
T=45°C
t=8h
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PULPING PROCESS
Barley straw (BS) Chemical hydrolysis
Alkaline hydrolysis NaOH = 0.7% w/v
T=120°C
t= 150 min
« Bleaching NaClO, = 30% w/w
pH=4.5
t=3h
Sprout-Bauer refiner Distance rotor - stator
plates =5

BACTERIAL FERMENTATION
Scoby Fermentation process Sucrose = 80 g/L
Black tea = 4 bags/L

Scoby HPH-TP Fermentation process HPH-TP =13 g/L
Black tea = 4 bags/L

Scoby HPH-WM Fermentation process HPH-WM =13 g/L
Black tea = 4 bags/L

1V.2.2.3. Liquor side streams characterization

Side streams from cellulose isolation process, very rich in bioactive
compounds, were characterized in terms of total phenolic compounds (TPC
and HPLC) and antioxidant power (FRAP), as previously reported in §
I1.7.2.1 - 7.2.3. The structural carbohydrates have been also determined
according to the methodology described in § 111.7.2.4. In addition, the liquor
was dialyzed against water and freeze-dried in order to analyze their
functional groups by FT-IR spectroscopy (§ I11.7.2.5.1) and determine the
structural features performed by qualitative SEM microscopy (§ 111.7.2.5.2).

1V.2.2.4. Cellulose pulp characterization

The cumulative cellulose yield (§ I11.7.3.1) aimed to demonstrate the
cellulose extraction efficiency of HPH treatment in combination with mild
chemical hydrolysis processing. The cellulose residues obtained after each
treatment were subjected to strong acid hydrolysis to determine the lignin,
cellulose, and hemicellulose content, as described in § 111.7.3.2. Moreover, to
investigate the chemical structure of the isolated cellulose pulp by identifying
the functional groups and evaluating the structural changes that occurred
during the applied treatments, the FT-IR analysis was performed (§ 111.7.3.3).
The morphology of the isolated cellulose was observed using optical
microscopy (§ 111.7.3.4.1) and SEM (§ 111.7.3.4.2). Finally, the particle size
distribution and contact angle analysis were performed as described § 111.7.3.5
and § I11.7.3.6, respectively.
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The cellulosic pulp from barley straw was dispersed in a pulp disintegrator,
filtered under vacuum and dried between two nylon sieves to obtain papers (§
I11.6). Mechanical properties and porosity have been determined on paper
sheets as described in § I111.7.4.12 and § 111.7.4.13, respectively.

IV.2.3. Results and discussion
1V.2.3.1. Lignocellulosic biomass composition of AFRS

The lignocellulosic biomass composition of AFRs is reported in Table
IV.6. The barley straw cellulose composition agrees well with previous data
published by Lara-Serrano et al. (2019), which reported that cellulose,
hemicellulose, and lignin content is 31.09%, 27.23%, and 18.77%,
respectively [76]. In addition, also the cellulose composition of wheat bran,
tomato pomace, and rice husk is in agreement with values reported by Rahman
et al. (2021) [77], Kheiralla et al. (2018) [78] and Johar et al. (2012) [14],
respectively. Nevertheless, some little variations in the chemical composition
concentration of AFRs could be attributed to the type of paddy, climatic,
geographical conditions, and sample preparation.

Table 1V.6 Cellulose composition of AFRs raw materials.

Tomato

Barley straw Wheat bran Rice husk
pomace
Extractives (Yopm) 10.24 +£0.24 10.73 £0.52 8.24 +£0.42 5.02+1.31
Cellulose (Yopm) 34.86 £0.33 13.55+1.68 32.09+2.24 40.38 £5.80
Hemicellulose (%opm) 22.80+0.59 37.63+£0.95 26.62 £ 1.57 34.53 +4.96
Lignin (Yopm) 11.88+1.45 36.32+0.91 30.54 +1.71 22.31+3.92

1V.2.3.2. HPH-assisted chemical hydrolysis

A possible strategy to improve cellulose extractability is the use of HPH
physical treatments in different phases of the chemical process. Figure IV.15
summarizes the treatments carried out on TP and the abbreviations used for
each solid residue and side stream liquors.
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Figure IV.15 Schematic representation of acid-alkaline fractionation process
combined with HPH mechanical treatment on tomato pomace.

Chemical and morphological characteristics of isolated cellulose

The applied HPH treatment influenced the composition of the fiber (Table
IV.7) by reducing the resistance between the cellulose chain and disrupting
the intermolecular and intramolecular hydrogen bonds [79]. HPH caused a
significant (p < 0.05) increase in cellulose content, which correlates well with
the observed decrease in lignin content. The lignin-containing fibers are
subjected to intense collision, shearing, and cavitation, and the fibers are more
likely to break up into uniform defibrillated cellulose of micrometric size
during the HPH treatment [80]. Furthermore, the mild chemical hydrolysis
cascade process (Figure III.7) applied to tomato pomace (TP) to obtain
cellulose reached a cumulative yield, calculated with Equation I11.3, of about
61.72 + 0.50%. The HPH treatment applied at different stages of hydrolysis
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(Figure II1.8) contributed to obtaining a significantly (p < 0.05) higher
cellulose yield (Table 1V.7). With respect to tomato pomace an increase in
cellulose isolation of about 21% has been achieved for HPH treatment applied
on raw material. In contrast, only a slight increase in cellulose isolation (~ 6%)
has been obtained for HPH treatment applied after acid or alkaline hydrolysis.
These results can be attributed to the effect of the mechanical treatment, which
has a disruptive effect on the raw material structure as well as on bonds of the
lignocellulosic structure, making cellulose isolation more efficient. Moreover,
HPH treatment also influenced cellulose morphology and structure, as well as
the biological activity of the liquors obtained at the end of each chemical
hydrolysis step.

Table IV.7 Cellulose yield from HPH-assisted chemical hydrolysis on TP at
different level of cascade process.

TP Cellulose NaOH- H:SOs- HPH-
- HPH_Cellulose HPH_Cellulose = TP_Cellulose
Cellulose (Yoresidue fiber) 29.33£1.52 31.51+£0.17 32.12+0.24 37.72+£0.79
Hemicellulose (YoRresidue fiber) 18.74 £ 0.52 2.17+£0.07 2.18+£0.10 4.62 £0.65
Lignin (Yoresidue fiber) 0.74 +0.03 0.94 +0.03 0.97 £0.08 0.76 £ 0.02
Cumulative yield (%opm) 61.72+0.50 65.47+0.36 65.07+0.51 7438 +0.41

In addition to yield, FT-IR spectra of extracted celluloses (Figure [V.16)
were also measured to investigate the chemical structure by identifying the
functional groups of different materials and evaluating the structural changes
that occurred due to the applied treatment [3]. For example, FT-IR was used
to identify protein and starch changes caused by high hydrostatic pressure
[81,82] and sonication or the effect of HPH in nanocellulose isolation [46].
All spectra showed some signature characteristic bands of celluloses without
any remarkable difference between the samples, including absorption peaks at
3300 and 2902 cm™ because of the presence of H-bonded OH group stretching
and C-H stretching vibration groups [83], respectively. The spectrum of
cellulose is characterized by absorption peaks between 950 and 1100 cm’
because of the presence of C-O and C=C stretching vibration groups [84]. In
particular, the peak at 1028 cm™ is attributed to the C-O-C pyranose ring
stretching vibration [83,85] and 897 cm™ at C-O-C stretching at the B-(1-
4)glycosidic linkages between sugar units [86]. The absence peak around 1500
cm’ (C=C aromatic skeletal vibrations stretching of the benzene ring)
corresponding to the aromatic ring of lignin [85] from the spectrum of all
cellulose pulp attested for the efficient lignin removal during the bleaching
process. Thus, the accessibility of functional groups is facilitated, making the
fibers more amenable to functionalization by chemical or physical pre-
treatments and favoring their subsequent defibrillation. Based on Figure
IV.16, it can be concluded that the cellulose isolated from HPH-treated TP at
different level of chemical hydrolysis had a similar chemical structure as TP
cellulose, suggesting that the chemical groups and conformation of the
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cellulose structure were not altered or destroyed by the mechanical treatment.
Finally, it must be highlighted that no absorption peaks were detected at 1540
cm’', suggesting that the samples did not contain any residual protein.

HPH-TP_Cellulose

H,SO,-HPH_Cellulose

NaOH-HPH_Cellulose

TP_Cellulose

Transmittance (a.u.)

4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumbers (cm'1)
Figure IV.16 FT-IR spectra of cellulose pulp isolated from TP with different
combinations of HPH treatment and chemical hydrolysis.

The morphology of the isolated cellulose after the HPH-assisted chemical
hydrolysis was observed using optical microscopy (Figure 1V.17a-d) and
SEM (Figure IV.17e-h). The cellulose fibers from TP appeared in the form of
agglomerates of irregular morphology, where the original cell structure could
be clearly detected. The cellulose fibers isolated from TP with HPH-assisted
chemical hydrolysis (at different levels of cascade steps) were, instead,
completely different, with smaller agglomerates of irregular shape, including
long needle-like debris with length from 600 to 950 um and width from 10 to
30 pm. The significant variation in size and shape between TP_Cellulose and
the others cellulose pulp could be attributed to the fluid-mechanical stresses
exerted by the HPH treatment, which improved the cellulose defibrillation and
contributed to trimming down the length of the fibers. SEM analysis (Figure
IV.17e-h) confirmed the optical microscopy observations. Cellulose from TP
is characterized by a thickness of approximately 20 wum and is organized in
individual sheets corresponding to the peel cell layers. In contrast, cellulose
from NaOH-HPH, H,SO4-HPH, and HPH-TP exhibited a high defibrillation
degree, with individual fibers separating from fiber bundles. Moreover, in
HPH-TP cellulose, the sheets observed for TP are fragmented in small pieces
(with an average size of about 100 um) and a honeycomb-like structure
characterized by large cavities and high void fraction. This structure ensures
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a significantly larger specific surface area than TP cellulose, improving the
techno-functional properties of cellulose (which is sometimes referred to as
fiber activation [§7—89]). For example, HPH-activated TP fibers demonstrated
a remarkable capability to act as stabilizers in Pickering emulsions [90].

100 yud
Feic]

100 pm . 20 pm
i H

100 prm
—

Figure 1V.17 Optical microscopy (a-d) at 10x magnification and SEM (e-h)
images at 500x magnification of TP_Cellulose (a, ¢), NaOH-HPH Cellulose
(b, ), H:SO,~HPH Cellulose (c, g), and HPH-TP Cellulose (d, h).
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Particle size distribution analysis showed that TP, NaOH, and HPH-TP
cellulose particles presented a unimodal distribution and symmetrical curves,
with low Span values ranging from 2.17 to 3.23 and the main peaks located
approximately at 40 um and 100 pum (Figure IV.18). For H,SOs-
HPH_Cellulose the distribution curve is bimodal with large width of
distribution (Span = 6.08), indicating the presence of particles in a broad size
range of 140 pm to 710 pm. Moreover, the 90" percentile of TP, NaOH, and
HPH-TP cellulose particles was ranged between 152 and 179 um, while for
H,SO4-HPH Cellulose it was 854 um. These results further proved the
efficiency of HPH treatment applied at beginning or at the end of acid-alkaline
fractionation process in the disintegration of plant tissues, indicating that the
fluid-mechanical stresses generated by the treatment are strong enough for
separating the multifibrillar structure into elementary fibers with a length of
about 150-180 um. Nevertheless, when HPH treatment is applied after acid
hydrolysis, aggregation and swelling of particles occurred. The microscopy
images of cellulose particles in Figure IV.17 confirm the statements above and
prove the effectiveness combination of chemical and mechanical processes on
the disintegration of fiber bundles and separation of elementary fibers from
the surface.

—— TP_Cellulose
NaOH-HPH_Cellulose
H2S04-HPH_Cellulose

—— HPH-TP_Cellulose

Volume (%)
S

0,1 1 10 100 1000 10000

Particle size (um)
Figure 1V.18 Particle size distribution of cellulose pulp isolated from tomato
pomace.

Finally, contact angle analysis has been used to evaluate the
hydrophobicity behavior and the wettability of cellulose surfaces and to assess
their suitability for different applications in the presence of water. Figure
IV.19 shows that the wettability for the TP_Cellulose is lower than all
cellulose pulp isolated through HPH-assisted hydrolysis. This result could be
explained by the difference in surface morphology: the open and porous
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surface makes it more easily accessible to water compared to the tightly
packed and dense surface of cellulose pulp [91]. The application of HPH
treatment at different level of chemical cascade process reduced the number
of surface hydroxyl groups [92] and therefore increased the water contact
angle compared to chemical hydrolysis.
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Figure 1V.19 Contact angle of water on cellulose pulp isolated from tomato
pomace.

Biological properties of side streams liquors

Besides its outstanding extraction yield and efficiency of cellulose
isolation, as well as the change in morphology and chemico-physical
properties occurring with the application of HPH treatment at different level
of chemical cascade process treatments, this work aimed also to demonstrate
that the selected process is able to produce side streams very rich in bioactive
compounds, further contributing to the valorization of the AFRs.

Based on Folin’s polyphenols determination (Figure IV.20), the acid
hydrolysis step released higher amounts of total phenolic compounds than the
successive alkaline hydrolysis and bleaching. Considering the total phenols
quantification based on the 280-index method, the release yields obtained
were notably higher than the values estimated with the Folin method.
However, it should be considered that the 280 nm reading is also used to
estimate the sugar degradation products, which can be generated by the acid
hydrolysis of the hemicellulose fraction [93,94], with a consequent
overestimation of phenols content. Detoxification is, therefore, generally
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required to preserve the hemicellulose sugars removing the compounds that
affect fermentation. The combination of the detoxification process with the
recovery of phenols as high value-added compounds represents an interesting
and widely investigated opportunity. Similar results were obtained in the
evaluation of the reducing activity, with the acid liquor showing higher
activity than the alkaline one, likely due to the preservation of phenolic
compounds at acid conditions (Figure IV.20c).
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Figure 1V.20 (a) Total phenols, (b) 280-Index, and (c) reducing activity in the
liquor from acid and alkaline hydrolysis and bleaching. Values are reported
as mean (n = 5) + standard deviations.

Release yields of total phenols are significantly higher than the yields
obtained from tomato pomace through optimized solvent extraction with
acetone at 80 v% under agitation at 180 rpm at 25 °C for 24 h, as shown in
Figure IV.8. In particular, total phenols content extracted with acetone at 80%
v/v was about 3.13 + 0.03 mgcar/gom, Whereas significantly (p < 0.05) higher
values were obtained in the liquor from acid hydrolysis. These findings
suggest that the side streams of the lignocellulosic fractionation process
(liquor from the different hydrolysis phases) can be exploited to efficiently
recover phenolic compounds, replacing the conventionally applied solvent
extraction step, hence contributing to enhancing the sustainability and
economic viability of the cellulose recovery process from AFRs.

Structural carbohydrates, structural characteristics of liquors

Based on these results, acid-alkaline fractionation process followed by
bleaching step combined with HPH mechanical treatment allowed to
efficiently isolate cellulose pulp with different properties, depending on the
treatment used, and at the same time recovery antioxidants from the side
streams liquors. In addition, to provide a complete characterization of liquors
composition recovered in each step, structural carbohydrates have been
determined, as well as morphological and structural properties through SEM
and FT-IR analysis, respectively.
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Acid treatment hydrolyses hemicellulose to monosaccharides; meanwhile,
alkaline hydrolysis helps solubilize and extract lignin from the biomass by
affecting acetyl group in hemicellulose and linkages of lignin-carbohydrate
ester [95]. Consequentially, liquors recovered after H,SO4 (named liquors L1)
and after NaOH (named liquors L2) treatment are rich in hemicellulose and
lignin, respectively. This is confirmed by structural carbohydrate analysis,
since they have a negligible content of cellulose (< 0.1 gGican/100 gpm), and

higher content of hemicellulose in all L1 liquors.

Regarding FT-IR analysis of freeze-dried liquors after dialysis, graphs in
Figure IV.21a and Figure 1V.21b presented typical hemicellulose and lignin

bands, respectively. that correspond to their aromatic structure.

Figure 1V.21 FT-IR spectra of liquors after (a) acid hydrolysis and (b)
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alkaline hydrolysis.
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Within the range of 3300 to 2800 cm™ and 1800 to 800 cm™, cellulose,
hemicelluloses, and lignin have their own characteristic absorption peaks due
to the hydroxy groups and many C-H bonds in their structures. According to
the previous literature, the bands C=0 stretching vibration in the O=C-OH
group of the glucuronic acid unit at 1734 cm™ corresponds to hemicelluloses
[96] (Figure IV.21a), and the C-O stretching in the O=C-O group at 1268 cm
! belonged to hemicelluloses was derived from both hemicelluloses and lignin
[97]. The band of the aromatic skeletal vibrations, together with the C=C
stretch vibrations in lignin, were clearly identified at 1603 cm™ (Figure
IV.21b). Three other bands of lignin, i.e., the aromatic skeletal vibration
(C=C-C) at 1509 cm” and C-H in-plane deformation with aromatic ring
stretching at 1424 cm™, were also characteristic peaks of lignin [86]. The C-
H bending in cellulose, hemicellulose, and lignin (aliphatic C-H stretching in
methyl and phenolic alcohol) was observed at 1370 cm™ [98]. Although
several FT-IR bands of different components were overlapped, the spectra of
lyophilized liquors still provide important clues, including hemicellulose and
lignin composition of liquors after acid and alkaline hydrolysis, respectively,
as well as other changes in peak intensity for chemical compounds for
understanding the applied treatment processing.

The microstructures of solid residues after acid and alkaline hydrolysis
were observed by SEM. As shown in Figure IV.22, the SEM images of TP_L1
exhibited an irregular shape with interconnected microspheres (Figure
IV.22d) characteristic of hemicellulose particles [99]. HPH-TP_L1 presented
a more homogeneous spherical structure (Figure IV.22h), with an average
diameter at 1-2 um. This homogeneous morphology could be attributed to the
mechanical pre-treatment on tomato pomace which contributed to reduce
hydroxyl groups (as previously found also for contact angle on cellulose pulp)
and preventing the microparticles from aggregating.
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HPH-TP L1

Figure 1V.22 SEM images of liquor after acid hydrolysis from (a-d) TP and
(e-h) HPH-TP.
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The surface morphology of the freeze-dried liquors after alkaline
hydrolysis is observed in SEM image in Figure IV.23.

TP L2 H>SO4-TP_L2 HPH-TP L2
(o) (i)

.\"“‘:’_“ e 10 pm

3 pm

Figure 1V.23 SEM images of liquor after alkaline hydrolysis from (a-d) TP,
(e-h) HPH-TP, and (i-n) H:SO4~-HPH.

We can see that particles show a typical morphology for lignin powders,
with irregular semi-spherical shapes with different particle sizes. Comparing
the surface morphology of TP L2 with H,SO4-TP L2 and HPPH-TP L2,
changes occurred due to the combination of chemical hydrolysis with
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mechanical HPH treatment. TP_L2 appeared granulated with grains of
compact structure and different sizes, while when HPH is applied at different
levels of the cascade process particles have a rounded or shape with open
volumes on the rough surface. Such a result indicates the application of fluido-
mechanical stresses with HPH played an important role in the formation of
lignin-based microsphere with modified surface (Figure IV.23d, h, n).

1V.2.3.3. Pulping process

After the exploitation of HPH treatment at different steps of acid-alkaline
fractionation process to improve tomato pomace biomass delignification and
at the same time recover high-added valuable compounds in side streams, a
pulping process on barley straw (BS) lignocellulosic biomass has been
established to carry out a complete cellulose recovery from agri-food waste in
an environment-friendly manner (Figure 1V.24). As expected from a
lignocellulosic material, the main components of BS are the non-starch
polysaccharides, with about 35% cellulose, 23% hemicellulose and 12%
lignin, respectively. Such reduced percentage of lignin (less than or equal to
20%) makes easier its whole extraction from the fibers and gives the pulp
relatively high values of specific volume, dimensional stability, and rigidity

[100,101]. w
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K7/ 7

&y

Figure 1V.24 Schematic representation of pulping process on barley straw.
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The chemical constituents of unbleached and bleached cellulose pulps are
shown in Table IV.8. After the pulping process, the BS-UB shows a 36%
increase in the cellulosic fraction, and a slight decrease in hemicellulose, while
the lignin content was constant with values close to 22%. To prevent future
interfering effects of lignin on the fibrillation behavior [102], a bleaching
treatment was carried out to completely remove it from the sample. The used
bleaching process allowed to efficiently and selectively extract lignin with a
yield of 91% and without the dissolution of hemicellulose, which acts as a
physical barrier inhibiting the microfibrils aggregation during the
homogenization process [103]. The accessory non-structural components of
barley straw are hydrophilic and lipophilic extractives, which are extracted
with hot water or organic solvents (such as ethanol), respectively [104], and
ashes. After the pulping process, the extractable and ashes were reduced. In
particular, for bleached barley straw pulp, it is worth noting that the ash
content is lower than 1% and this makes them suitable as pulp supplement
materials [105]. Regarding the cumulative yield, the pulping process applied
allows to obtain a high yield extraction of cellulose higher than 75%;
meanwhile, the bleaching process contributed to efficiently extract cellulose
(yield > 95%), removing at the same time lignin and ashes and therefore
improving the quality of extracted cellulose.

Table IV.8 Chemical characterization for barley straw unbleached cellulose
pulp (BS-UB) and barley straw bleached cellulose pulp (BS-B) and cellulose
yield extraction.

Barley straw

BS-UB BS-B
Ashes (Yopa) 141001 0.82%0.01
Cellulose (%py) 47.41 £0.70 60.66 + 0.48
Hemicellulose (%p) 21.48+0.13 2173 +0.16
Lignin (%pu) 10.30 0.70 1.09 +0.04
Cumulative yield (%pu) 95.84 +3.67 77.02+2.75

In addition to yield, FT-IR spectra of extracted celluloses (Figure 1V.25)
were also measured to evaluate the structural changes that occurred during the
applied treatments [3] and investigate the effect of bleaching conditions on
quality of the celluloses. All spectra showed some signature characteristic
bands of celluloses, including absorption peaks at 3300 and 2902 cm™' because
the presence of H-bonded OH group stretching and C-H stretching vibration
groups [83], respectively. In addition, the peak at 1028 cm is attributed to the
C-O-C pyranose ring stretching vibration [83,85] and 897 cm™ at C-O-C
stretching at the B-(1-4)glycosidic linkages between sugar units [86]. The next
peak detected in the spectra of unbleached cellulose pulp is around 1500 cm!
(C=C aromatic skeletal vibrations stretching of the benzene ring),
corresponding to the aromatic ring of lignin [85]. The absence of this band
from the spectrum of bleached cellulose pulp confirmed the efficient lignin
removal during the bleaching process. Thus, the accessibility of functional
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groups is facilitated, making the fibers more amenable to functionalization by

chemical or physical pre-treatments and favoring their subsequent
defibrillation.
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Figure IV.25 FT-IR spectra of unbleached (BS-UB) and bleached (BS-B)
cellulose pulps.

The microstructures of (un)bleached cellulose pulp were observed by
optical microscopy (Figure IV.26). As can be seen from the
microphotography, BS-UB fibers (10.3% lignin) were straight and rod-like;
meanwhile, BS-B fibers (1.1% lignin) were partially collapsed and showed
comparatively more kinks and curved appearance due to the bleaching
chemical treatment [106]. Moreover, BS-B individual structures show higher
birefringence because of the large anisotropy of the polarizability derived
from its anisotropic molecular structure and high polarity [107].

BS-UB | ___BS-B

100 um 5 : : =100 i

Figure IV.26 Opticl microscopy images at | 0 magncation of unbleached
and bleached cellulose pulps.
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From optical microscopy, birefringence provides information about the
whole molecular structure of cellulose. Meredith (1946) highlighted that
Young’s modulus and strength of cellulose fibers are highly correlated with
birefringence [108]. The mechanical properties of cellulose fibers, in turn, can
be attributed to the formation of intra- and interfibrillar hydrogen and carbonyl
bonds [109]. Mechanical properties and porosity of the derived papers using
extracted (un)bleached cellulose pulps are reported in Table IV.9. Tensile
strength of paper prepared with BS-UB increased up to 187% after the
bleaching process.

It is important to highlight also the impact that porosity has on overall
mechanical features. Porosity is a parameter that describes the empty spaces
(filled with air) between the fibers. The reduction in porosity is an important
feature because of its close relationship with mechanical properties: less-
porous paper has been reported to improve mechanical properties of the paper
owing to the increased hydrogen bonding [110]. The direct conclusion of this
was that the increase in tensile strength and the decrease in porosity could be
speculated to be a consequence of bleaching, which contributed to greater
hydrogen bonding between fibers and to longitudinally oriented cellulose fiber
structure [72].

Table IV.9 Mechanical properties from the elongation analysis and porosity
of papers obtained from BS (un)bleached cellulose pulp.

Barley straw

BS-UB BS-B
Young’s Modulus (GPa) 1.58 +£0.52 2.55+1.05
Tensile strength (MPa) 3.98+0.91 11.44+1.27
Load at break (N) 12.06 = 1.87 25.85+0.40
Strain at Break (%) 1.10+0.20 1.72+0.38
Porosity (%) 85.23 £2.96 79.49 £1.29

1V.2.3.3. Bacterial fermentation

A static culture of SCOBY bacterial cellulose hydrogel was carried out by
using HPH-micronized food wastes as carbon sources (Figure [V.27), to lower
the cost of BC production and reduced environmental hazards [111].
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Figure 1V.27 Schematic representation of bacterial cellulose culture medium.

When incubated under the specified conditions in tea broth, SCOBY
produced a visible bacterial cellulose (BC) film suring incubation. When a
fully-formed BC film was visible on the liquid-air surface, it was ready to be
harvested. Overall, it was found that Kombucha consortium has been
successfully cultivated on a tomato pomace and wheat middlings AFRs
previously micronized by HPH (§ 1V.1.3.3), proving its versatility in utilizing
them as alternative carbon and nitrogen sources. Scoby films produced by
Kombucha tea consortia in the various culture media showed a homogeneous,
thick appearance with no cracks, flexibility, and a characteristic amber
coloration (orange-brown color) of the fermentation culture (Figure 1V.28).
As can be seen, the BC pellicle produced in sucrose medium was much thicker
than that in HPH-TP or HPH-WM. Furthermore, micronized AFRs are
homogeneously integrated into the bacterial cellulose structure, locking the
nutritive compounds and improving the biological properties of obtained
cellulose. A higher intensity of red and brown color in films was observed for
those obtained from Kombucha consortium cultivated on HPH-treated tomato
pomace (Figure 1V.28b) and wheat middlings, respectively. Therefore, the
color change was significant for native films and perceptible to the human eye.
Keeping integral materials without any purification stages is to preserve the
bioactivity of incorporated high-valuable compounds, and more accessibility
in the surrounding medium phase due to the micronization process applied
directly in AFRs raw materials. Moreover, the color could protect food from
light degradation contrary to colorless films.
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Figure 1V.28 Representative images of the microbial cellulose films from (a)
Scoby, (b) Scoby + HPH-TP, and (c) Scoby + HPH-WM.

In the present investigations, the usage of HPH-treated tomato pomace or
wheat middlings (13 g/L) in Kombucha tea medium resulted in substantial
productions of bacterial cellulose with relatively lower in comparison to that
of in Kombucha medium containing sucrose as the carbon source (~ 6 g/L).

IV.2.4. Conclusions

Lignocellulosic biomass is a complex biopolymer that is primarily
composed of cellulose, hemicellulose, and lignin. Multistep biorefinery
processes are necessary to ensure the deconstruction of noncellulosic content
in lignocellulosic biomass, while maintaining cellulose product for further
hydrolysis into nanocellulose material. In this section, extensive research for
AFRs biomass valorization has been carried out by experimenting numerous
technological challenges based on the nature of the feedstock including mild
chemical hydrolysis, acid-alkaline fractionation process in combination with
mechanical treatments and pulping process to isolate cellulose and biological
treatments. In this innovative field, alternatives to petroleum-based fuels and
chemicals have been achieved, with sustainable biorefinery processes that
include the principles of circular economy, and green chemistry strategies and
ensure that the technology used is environmentally friendly and economically
viable. The promising chemical (such as hydrophilicity, chirality,
degradability, and broad chemical variability) and mechanical (non-toxic,
biocompatible, renewable, and biodegradable) properties of cellulose have
aroused increasing interest as building blocks for the development of new
biomaterials, especially through advanced nanotechnology tools, enabled
further promotion of its techno-functional attributes. Each cellulose isolation
procedure has a distinct specificity for altering the chemical and physical
structure of lignocellulosic materials. The advantages and disadvantages of
these treatments are reported in Table V.10, with the corresponding most
promising application. This survey shows the effectiveness among these
processes of HPH process as pre-treatment technique for cellulose recovery
owing to its potential to simplify the disruption of lignocellulosic matrices.
HPH enhances the accessibility of lignocellulosic biomass through fluido-
mechanical stress (high shear, turbulence, and hydrodynamic cavitation) and
cell wall disruption suitable for cellulose recovery.
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Table IV.10 Cellulose isolation from AFRs: advantages and application for
each biorefinery process.

AFRs raw materials Treatment applied Remarks Applications
MILD CHEMICAL HYDROLY SIS
Tomato pomace (TP) Acid hydrolysis Mild acid reaction Cellulosic fiber isolated
Alkaline hydrolysis  conditions from tomato pomace
Bleaching Removal of  could be used to improve
hemicellulose and the strength of
lignin biopolymer in
Higher reaction rates biodegradable food
Cellulose swelling packaging.

HPH-ASSISTED CHEMICAL HYDROLYSIS

Tomato pomace (TP) HPH treatment Increase the The synergistic effect of
Chemical hydrolysis  accessibility and the HPH treatment and acid-
Acid hydrolysis yield extraction of alkaline fractionation
Alkaline hydrolysis  cellulose process resulted in fiber
Bleaching High-defibrillated activation and  high
cellulose pulp defibrillation of cellulose
Mild acid reaction with  improved  the
conditions techno-functional
Removal of  properties, capable to act
hemicellulose and  as stabilizers in Pickering
lignin emulsions for example.
Production of side Moreover, within the
streams very rich in cellulose isolation, this
bioactive compounds process  allowed to
with high antioxidant recovery phenolic
capacity compounds in the side
streams which could be
an excellent enhancer in
functionalized packaging
materials.
PULPING PROCESS
Barley straw (BS) Chemical hydrolysis ~ Efficient removal of Cellulose is suitable to
Alkaline hydrolysis ~ hemicellulose and influence the mechanical
Bleaching lignin properties  of  paper
Sprout-Bauer Higher pulp yields substrate.
refiner Simple and time-
saving process
BACTERIAL FERMENTATION
Scoby Fermentation Reduction of culture Considering its
Scoby HPH-TP process media costs properties, bacterial
Scoby HPH-WM High degree of cellulose represents a
cellulose promising alternative for

polymerization
Cellulose with tailor-
made properties

the reinforcement of food
edible coatings.
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Section IV.3
Nanocellulose isolation

Part of results of this section have been published or are currently under review in scientific journals:

e Pirozzi, A., Capuano, R., Avolio, R., Gentile, G., Ferrari, G., Donsi, F. (2021). O/W Pickering
Emulsions Stabilized with Cellulose Nanofibrils Produced through Different Mechanical Treatments,
Foods, 10, 1886. doi:10.3390/foods10081886.

e Pirozzi, A., Pappalardo, G., Donsi, F. (2023). Recovery of nanocellulose from agri-food residues
trough chemical and physical processes, Chemical Engineering Transactions, Under review.

e Pirozzi, A., Rincén Rubio, E., Donsi, F., Espinosa Victor, E., Serrano, L. (2023). Quality index of
nanostructured cellulose from barley straw by-product in aerogel materials as efficient dye removal
systems, Under submission.

e Pirozzi, A., Rincén Rubio, E., Donsi, F., Serrano, L., Espinosa Victor, E. (2023). Nanoncellulose-based
aerogels for dyes removal, Chemical Engineering Transactions, Under review.

e Pirozzi, A., Bettotti, P., Ferrari, G., Facchinelli, T., D'Amato, E., Scarpa, M., Donsi F. (2023). Oil-in-
water Pickering emulsions stabilized by nanostructured cellulose: comparison of cellulose nanocrystals
and nanofibrils, Under submission.

The development of process engineering approaches to integrate the
production of high value-added biobased products, such as nanocellulose
(NCs), is crucial to improve the financial performance and sustainability of
AFRs biomass biorefineries. Here, the feasibility of applying chemical,
mechanical, and a combination of treatments to obtain NCs was evaluated
using cellulose pulp isolated from AFRs and commercial pure cellulose as a
model feedstock. A systematic analysis of the structural properties of the
nanomaterials obtained after each process revealed that different treatments
allowed to extract cellulose nanoparticles with different morphological and
physical properties. These findings demonstrated that NCs could be
successfully extracted, in the form of nanofibrils (CNFs) and nanocrystals
(CNCs), and their properties tuned according to the final application and
starting raw material based on the selected sustainable integrated processes
reported here, developing the biobased circular economy.

IV.3.1. Specific goal and work plan

In addition to increasing interest in cellulose material as a renewable raw
material to replace fossil resources and its isolations process, cellulose
nanoparticles (NCs) combine nanotechnology with sustainable and
environmentally friendly processes, with excellent intrinsic properties, such
as impressive physical properties, high mechanical strength, specific surface
area, aspect ratio, crystallinity, and purity, low thermal expansion and density,
renewability, biocompatibility, biodegradability, and transparency [112—115].
Owing to their hierarchical order in a supramolecular structure and
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organization given by the hydrogen bond network between hydroxyl groups,
nanoparticles can be efficiently isolated from cellulose [116]. In general, for
obtaining cellulose nanocrystals (CNCs) an acid hydrolysis would be carried
out, while the attainment of cellulose nanofibers (CNFs) is produced with
mechanical treatments [117,118] (Figure IV.29). The size, shape, and
characteristics of these materials depend mainly on the preparation techniques
and starting source. CNCs are crystalline regions of macromolecules that are
tightly entangled by hydrogen bonding interactions in cellulose; CNCs consist
of cylindrical, elongated, less flexible, and rod-like nanoparticles with 4 - 70
nm in width, 100 - 6,000 nm in length, and 54 - 88% crystallinity index [119].
CNFs present an entangled network structure with flexible, longer and wide
nanofibers (20 - 100 nm in width and >10,000 nm in length), and lower
crystallinity with respect to CNCs [120].

Cellulose fibers

A IW'Z{J:'(.
\\e“‘& af »
Mee o) m““'&s
g .
Cellulose nanofibers 2. Bacterial nanocellulose
L.';‘
= -
%
Ve, o
o, Cellulose nanocrystals
Cr, ~

aC ‘\“o\y
v

iin,, A
C; —
1 o

( Procegg
Figure IV.29 Schematic representation
isolation from cellulose fibers.

ey |
-

of deconstructing strategy for NCs

The high production cost of NCs is mainly attributed to cost of energy
consumption and generated chemical waste post-treatment during the
preparation process [121].

In this scenario, to address the issue of green and energy-saving process,
and in the biorefinery context of low-cost and recyclable by-products, several
approaches have been developed during the Ph.D. activities for the preparation
of NCs from AFRs cellulose pulp according to the specific application and
starting raw material. In this approach, the influence on NCs structural and
physical characteristics resulting from (i) TEMPO-mediated oxidation; (ii)

BM and HPH mechanical; and (ii1) combination of chemical and mechanical
treatments were investigated (Figure 1V.30).
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The nanocellulosic materials were fully characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), zeta potential measurements, and interfacial tension
analysis. The results demonstrated that the processes were effective in
extracting NCs with tuning properties, offering a potential green and
sustainable route that can be applied in future biorefineries.
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1V.3.2. Short material and methods
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Figure 1V.30 Schematic representation of methodology used for NCs

isolation from different (AFRs) cellulose pulp.
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1V.3.2.1. Nanocellulose isolation processes

The processes adopted to isolate NCs are summarized in Table IV.11.
More in detail the treatments are (i) TEMPO-mediated oxidation (as described
in detail in § II1.5.1); (ii) mechanical treatments, i.e. HSM, BM or HPH (as
described in detail in § I11.5.2); (iii) the combination of TEMPO oxidation and
HPH treatment (as described in detail in § 111.5.3); and (iv) the combination
of PFI beater and HPH treatment (as described in detail in § I111.5.3).

Table IV.11 Summary of treatments and operating conditions for NCs
isolation.

Cellulose pulp Treatment applied Conditions
CHEMICAL OXIDATION
Northern bleached softwood TEMPO-mediated oxidation CoHoN =0.025 - 0.166% w/v
kraft pulp Celeste 85 NaBr = 0.001% w/v
NaClO = 0.036% v/v/
pH=105-11
t=2-4h
MECHANICAL TREATMENTS
Commercial cellulose BM 10:1 spheres/cellulose
Arbocel® BWW40 fibers t=30 - 60 min
HPH P =80 MPa
T=25°C
# passes = 20
Tomato pomace cellulose pulp HPH P =280 MPa
T=25°C
# passes = 20
Bacterial cellulose HSM v =20,000 rpm
t =10 min
COMBINATION OF CHEMICAL AND MECHANICAL TREATMENTS
Barley straw cellulose pulp TEMPO-mediated oxidation CoH{oN = 0.016% w/v

NaBr = 0.1% w/v
NaClO = 0.08% w/v/
pH=10

t=2

HPH P =30, 60, 90 MPa
T=25°C
# passes = 10

COMBINATION OF MECHANICAL TREATMENTS
Barley straw cellulose pulp PFI beater v =20,000 rpm
°SR =90

HPH P =30, 60, 90 MPa
T=25°C
# passes = 10
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1V.3.2.2. Nanocellulose characterization

The chemico-physical characterization aimed to highlight the effect of
different processes on NCs properties, through investigating the morphology
features (optical microscopy § 111.7.4.2.1, SEM - § 111.7.4.2.2, and AFM - §
111.7.4.2.3), the chemical structure (FT-IR analysis - 111.7.4.5 and cristallinity
idex - II1.7.4.6), electrochemistry characterization (carboxyl content - §
I11.7.4.3, cationic demand - § I11.7.4.4, {-potential - § I11.7.4.7, and interfacial
tension - § II1.7.4.11), particle dimensions (PSD - § 1I1.7.4.8), rheological
feature (intrinsic viscosity - § 111.7.4.10), and mechanical properties (tensile
strength and Young’s modulus - § 111.7.4.12), among others reported in detail
in section § 111.7.4.

IV.3.3. Results and discussion
1V.3.3.1. Chemical process on pure cellulose

In this work, two types of nanocellulosic materials, CNCs and CNFs, were
obtained from the TEMPO-mediated oxidation of commercial cellulose raw
material, by controlling the intensity of the process (changing catalyst
concentration and processing time). The morphological, topological, and size
features of CNCs and CNFs were evaluated through AFM. Representative
images of the CNCs and CNFs are reported in Figure IV.31, with CNCs
characterized by a needle-like structure, and CNFs by a fibrous network. The
statistical analysis of the CNCs’ size, performed on a data set of 900 CNCs
individually resolved in the AFM images, indicated a length of 170 £ 90 nm
and a width of 3.0 = 0.5 nm. A rigorous statistical analysis of CNFs size was
not possible, because of the entanglement propensity of the flexible and
disordered regions still present in the fibers, which are clearly visible in the
AFM images. However, an average fiber width of the order of 10 nm and a
length of a few micrometers can be estimated.

20.1 nm
18.0
16.0
14.0
12.0
10.0

. . - e J y - J 1.6

Figure I1V.31 AFM images of CNCs (left panel) and CNFs (riht panel).
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FT-IR spectroscopy was used to analyze the functional groups of the NC
samples. The representative spectra of CNCs (black trace) and CNFs (red
trace) reported in Figure IV.32 show the typical features of cellulose
nanostructures. In particular, the C-H rocking at 910 cm™, the C-O bond
vibrations in the range 1030 - 1100 cm™, the antisymmetric stretching
vibration of the C-O-C glycosidic bond at 1160 cm, the stretching vibration
of the C-H bond at 2900 cm™ and a large band ascribable to the stretching
vibrations of the O-H bonds of the primary and secondary hydroxyl groups in
the range 3200 - 3500 cm™ can be observed [122]. The strong peak at 1620
cm’ can be assigned to the carboxylates introduced by the TEMPO-mediated
oxidation. The different extent of oxidation of CNCs and CNFs appears
evident when comparing the carboxylate peak intensities of the traces of
Figure IV.32 normalized to the peak at 2900 cm™, which should be unaffected
by the TEMPO-mediated reaction. The normalized spectra show larger
oxidation of the CNCs with respect to CNFs, according to the milder oxidation
conditions used to obtain the larger size and preserve some amorphous regions
of CNFs.
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Figure IV.32 FT-IR spectra of CNCs and CNFs isolated from commercial
cellulose with TEMPO-mediated oxidation treatment.

The FT-IR data were confirmed by the conductometric titrations which

provided degree of oxidation values (Equation I11.7) of 0.6 £ 0.2 umol/mg and
1.4 £ 0.1 pumol/mg, of CNFs and CNCs, respectively.
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Figure IV.33 shows the dynamic adsorption behavior of CNCs and CNFs
at the water-oil interface, investigated by monitoring the change of the
interfacial tension (y) with adsorption time (0 - 2,500 s) at 25 °C. The addition
of both CNCs and CNFs to deionized water caused a significant reduction in
the interfacial tension of the oil-water interface. More specifically, a higher
reduction was observed for CNFs than for CNCs. The interfacial tension of
water rapidly decreased during the initial 500 s, because of the adsorption of
the more hydrophilic oil components, before gradually reaching equilibrium.
The interfacial tension of CNCs and CNFs decreased over time, tending
towards equilibrium values (y-), which were estimated using an exponential
decay model (Equation II1.12) at 16.7 and 13.8 mN/m, respectively. The v«
value for CNCs’ was slightly lower than the one estimated for pure water (19.2
mN/m), indicating the reduced ability of the CNCs particles to act onto the
oil-water interface. In contrast, CNFs particles are effectively adsorbed at the
O/W interface, reducing its free energy, suggesting that, according to
interfacial tension measurements, CNFs particles have the potential to be more
effective in stabilizing O/W Pickering emulsions.
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Figure 1V.33 Peanut oil-water interfacial tension for pure water, CNCs
and CNFs aqueous suspensions at 0.5 wt%.

The (-potential of the CNCs and CNFs was also measured, to obtain
indications about the colloidal stability of the different cellulose suspensions.
Generally, a stable particle suspension should be characterized by {-potential
values greater than 30 mV of absolute value, to promote sufficient interparticle
electrostatic repulsion forces for their stabilization [123].
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Both CNCs and CNFs suspensions, whose visual appearance is shown in
Figure IV.34, are characterized by high {-potential values, of -37.0 £ 2.35 mV
at a natural pH = 6.4 + 0.2 and -52.97 + 4.55 mV at a natural pH =6.8 £ 0.4
for CNCs and CNFs, respectively. These high (-potential values support the
hypothesis that both suspensions might exhibit good colloidal stability. CNFs
exhibited a higher absolute (-potential value than CNCs. It must be
highlighted that, based on FT-IR results, which show a higher presence of
carboxylate groups for CNCs particles, it would be expected an opposite effect
on {-potential values of CNCs and CNFs, with higher absolute values for the
formers. Further studies are needed to better elucidate the reasons that might
the influence electro-kinetic phenomena of NCs, such as pKa of the
carboxylate groups, counter ions effects, etc...

-— —~ ' m - !I.
Figure 1V.34 Suspensions of CNCs (on the left) and CNF's (on the right).

Finally, Figure IV.35 shows the size distribution, an extensively used
method for determining the particle size distribution in colloidal suspensions.
The average size of CNCs in suspension is about 300 nm, and the average
particle size of CNFs is 700 nm. There are clearly differences in the size for
NCs type; nevertheless, the compositions of all samples have a multi-modal
particle size, which provides a no uniformity distribution with three
populations. In the case of CNCs a first population is observed around 20 -
100 nm, another one at 200 - 1,700 nm and the last one at 2,500 - 7,000 nm.
Meanwhile, CNFs present the populations at 10 - 80 nm, 150 - 700 nm and
4,000 - 7,000 nm. The first peaks could be attributed to individual cellulose
nanofibers, whereas the others could be related to the orientation of fibers in
the fluid during the analysis [124] as well as to cellulose nanoparticle
aggregates [125].
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Figure 1V.35 Size distribution of CNCs and CNF’s aqueous suspensions at 0.5
wt%.

It can be concluded that the CNCs and CNFs are characterized by similar
chemical composition, except for different content of carboxylate groups. In
contrast, the particle dimension and morphology are clearly different: CNCs
are needle-shaped, while CNFs are elongated, and partly disordered fibers,
with a nanosized, roughly spherical cross-section.

1V.3.3.2. Mechanical treatments on pure cellulose

The morphological and structural parameters of NCs structures obtained
from commercial cellulose via mechanical treatments (called BM30-CNFs,
BM30-CNFs, and HPH-CNFs for BM at 30 min, BM at 60 min and HPH
treatment, respectively) were investigated through optical microscopy (Figure
IV.36) and SEM analysis (Figure IV.37).

Native cellulose (Figure 1V.36a) exhibited a fibrous structure and the
typical birefringence under polarized light. The mechanical processes caused
irreversible alterations in the cellulosic fibers, increasing their bonding
potentials. BM-CNFs (at 30 and 60 min) significantly differed in fiber length
from native. BM treatments, due to the efficient disintegration of long
cellulose chains, facilitated the production of nanoparticles characterized by a
relatively constant cross-section and high birefringence properties (Figure
IV.36b-c). In contrast, HPH-CNFs (Figure [V.36) exhibited a less ordered and
uniform structure. The micrometric cellulose particles which can be observed
after mechanical treatments can be attributed to the residual aggregated fibril
bundles after partially removing the cellulose amorphous region [126]. These
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bundles are characterized by a large variation in cross-section (irregular
widths), and typical lengths in the range of ~10 - 100 um. The observation
that the birefringence property observed under polarized light did not
significantly change with the HPH treatments suggests that mechanical
processes are likely to cause the structural disruption of cellulose fibers,
without affecting the crystalline organization of the treated cellulose fibers.
Brightfield Fluorescence
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(b)
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—

Figure 1V.36 Brightfield (left column) and fluorescence (right column)
micrographs of (a) untreated cellulose, (b) BM30-CNFss, (¢) BM60-CNFs, and
(d) HPH-CNFs.
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SEM analysis confirmed the effect of the processes on the morphology of
the samples. Indeed, SEM images reported in Figure [V.37a-b revealed the
fibrous structure of untreated cellulose, with an approximate diameter of about
20 um and an approximate length of 200 um. The BM process induced a
progressive disruption of the cellulose fibrous structure, with the formation of
well-separated cellulose particles with an irregular shape and a lateral size is
in the range of 10 - 50 um, slightly lower in the case of cellulose treated for
60 min (Figure IV.37c-e). At higher magnifications (Figures IV.37d-f), the
BM cellulose showed a compact morphology that did not evidence the
presence of typical cellulose fibrils. In stark contrast, for the HPH-CNFs the
original structure of the cellulose fibers is still evident in Figure 1V.37g.
Nevertheless, the HPH processes of cellulose aqueous suspensions induced
the obtainment of a cellulose-based material that, after air drying at room
temperature, produced the formation of a compact film (Figures 1V.37g-h).
The good film-forming ability can be ascribed to the pronounced defibrillation
of the original structures, clearly evidenced in Figures IV.37h and the
establishment of strong interactions between the nanosized cellulose fibrils
during the drying process.
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(e)

(g) !

50 um 1pm
Figure 1V.37 SEM images of (a, b) untreated cellulose, (¢, d) BM30-CNFss,
(e, f) BM60-CNFs, and (g, h) HPH-CNFss.

The effect of the suspended particles, processed with different mechanical
treatments, on the interfacial tension at the O/W interface, is a predictor for a
possible application of nanoparticles in the formation and stabilization of
Pickering emulsion, as well as its mean droplet size [127]. In general, the
higher the interfacial tension, the more resistant the whole system is to
deformation and the more likely phase separation between the two liquids
occur. The interfacial tension of pure water in oil, which was used as a control
experiment, decreased from an initial value of yo = 15.2 mN/m tending to an
asymptotic value y» = 5.7 mN/m (Table 1V.12), following an exponential
decay trend (Equation II1.12). Remarkably, the interfacial tension values of
the particle suspensions in the oil phase were significantly affected by the
nature of the dispersed particles. BM nanocellulose showed lower values of
asymptotic interfacial tension (Y., = 5.0 and 5.9 mN/m, respectively for BM30-
CNFs and BM60-CNFs) than untreated cellulose (y. = 6.2 mN/m), but higher
values than HPH-CNFs (Y = 3.6 mN/m). It is possible that, in the case of ball-
milled cellulose, which exhibited a uniform particle size distribution and the
smallest mean diameters, interfacial deformability is hindered by the resulting
hard particles [128]. This hypothesis is in accordance with the observation that
both initial and asymptotic interfacial tensions of BM30-CNFs were lower
than for BM60-CNFs suspension.
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The significantly lower initial and asymptotic interfacial tension values
measured for HPH-CNFs than control pure water in oil, untreated cellulose,
as well as the BM-CNFs suspensions, could be likely ascribed to the
morphology changes induced by HPH, promoting defibrillation but less
efficient fiber breakage than BM. Especially when considering the
characteristic times t,, which can be related to the molecular relaxation time,
required for cellulose to adsorb and rearrange at the interface [129], is longer
for HPH-CNFs, it can be hypothesized that more flexible fibers are generated
by HPH, which are capable of adapting to the curved interfacial surface.
Interestingly, no statistical difference can be observed between the 1, values
for BM30-CNFs and HPH-CNFs, while more intense BM processing (BM60-
CNFs) causes a significant decrease in 1. This issue deserves, in future work,
deeper investigation to relate the techno-functional properties of the obtained
cellulose with its morphological features. As a final remark, it must be
highlighted that the decrease in interfacial tension induced by the suspended
cellulose particles was of a rather small entity in comparison with the
interfacial tension values reached by highly surface-active molecules like
surfactants and proteins [128,130].

Table IV.12 Effect of different mechanical treatments on cellulose dispersed
in water (0.5 wt%) on the oil-water interfacial tension dynamic parameters
(vo, Y« and t,) in comparison with pure water and untreated cellulose
suspensions (0.5 wt%).

Yo (mN/m) Y (mN/m) T (8) R?
Water 15.20 £ 0.47¢ 5.71 £0.25% 44.13 £ 0.96° 0.9966
Cellulose 14.95 + 0.38¢ 6.23+£0.67¢ 37.14 + 1.46° 0.9948
BM30-CNFs 12.73 £0.18° 4.98 +0.97* 63.29 +£0.57° 0.9976
BM60-CNFs 15.06 £ 0.71¢ 5.93+0.314 26.97 £2.15° 0.9926
HPH-CNFs 9.85+0.17* 3.62+0.22% 66.95 + 3.67¢ 0.9916

Different letters denote significant differences (p < 0.05) among the different samples within each column
(n=13).

Table IV.13 reports the particle size distribution of pure cellulose, BM30-
CNFs, BM60-CNFs, and HPH-CNFs in terms of d(0.1), d(0.5), and d(0.9), as
well as of D[4,3] and D[3,2]. Remarkably, the particle size of cellulose was
significantly reduced after BM treatment (D[4,3] decreased by ~55%, D[3,2]
of ~45-50%), but longer BM treatment times did not significantly change the
size distribution. This is evident also when considering the diameters
corresponding to the 10, 50" and 90" percentiles, with statistically
significant differences (p < 0.05) observed only for d(0.9). The HPH treatment
also caused a significant reduction of cellulose particle size (D[4,3] decreased
by ~45%, D[3,2] of ~28%). Interestingly, the surface mean diameter D[3,2]
decreased less than the volume mean diameter D[4,3] and was significantly
higher than for BM samples, suggesting that less compact fibers, characterized
by a higher surface area, are formed by HPH, in agreement with optical
microscopy and SEM observations (Figures V.36 and 1V.37). Moreover, it
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can also be observed that the HPH treatment is less efficient than BM, with
generally higher values of the diameters corresponding to the 10™, 50" and
90" percentiles. However, the size distribution data, with the help of the
microscopic images (see Figures IV.36 and IV.37), suggest that HPH induced
not only almost complete cell disruption but also cellulose defibrillation.
Further studies are required to better clarify the aspects related to processing
unrefined biomass for cellulose defibrillation.

Table IV.13 Effect of different mechanical treatments of cellulose dispersed
in water on particle size distribution (expressed as characteristic diameters)
in comparison with untreated cellulose suspensions.

Cellulose BM30-CNF's BM60-CNF's HPH-CNFs
d(0.1) (um) 1420+ 017* 7.16 +0.14° 6.89 +0.12° 9.56+0.11°
d(0.5) (um) 5323 +£2.24° 31.69 £ 0.34° 30.66 + 0.32 32.04+£0.12°
d(0.9) (um) 206.46 £ 13.96°  88.82+0.69° 82.93 + 0.59¢ 108.73 = 1.16°
D[4,3] (um) 100.43 +5.32° 45.01 + 0.65° 44.99 + 0.49° 54.44 +0.43°
D[3.,2] (um) 23.25+0.29 12.79 +0.18¢ 11.68 +0.17¢ 16.85 + 0.12°

Different letters denote significant differences (p < 0.05) among the different samples within each row (n
=3).

1V.3.3.3. HPH mechanical treatment on tomato pomace cellulose

pulp

The impact of HPH treatment on deconstructing cellulose pulp isolated
from tomato pomace with different cascade operations was assessed using
electron microscopy (Figure 1V.38). After homogenization, these relatively
thick cellulose fibers were disrupted and thinner fibers. Nevertheless, the
electron microscopy images indicated that the fibers in the cellulose samples
were agglomerated, which was probably caused by strong hydrogen bonding
between the cellulose fibers during the sample preparation process [46], i.e.
the drying step necessary for that analysis. At higher magnitudes, SEM
analysis indicated that mechanical treatments caused surface erosion
("fluffing") and defibrillation of the cellulose fibers. Some differences have
been revealed among samples depending on the treatment used to isolate the
cellulosic pulp. It was observed that for TP-CNFs the external part displayed
a rigid, relatively rough, and still intact structure (Figure 1V.38a). With HPH
treatment after acid or alkaline hydrolysis, the vascular bundles and conduit
structures were significantly fragmented (Figure IV.38b,c), indicating higher
cellulose accessibility. In particular, H,SO4-HPH_CNFs showed ultra-thin
blade shape containing a few fibers. Meanwhile, the HPH-TP_CNFs had a
circular shape, with some of the particles aggregated (Figure 1V.38d),
indicating that the micronization on both cellulose isolation process and the
further nanoparticles deconstruction affects the morphology of NCs.
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Figure 1V.38 SEM images at 1,000x, 5,000x, 20,000x, and 40,000x
magnification (first, second, third, and fourth column, respectively) of (a) TP-
CNFs, (b) NaOH-HPH CNFs, (c) H>SO+HPH CNFs, and (d) HPH-
TP _CNFs.

FT-IR was used to analyze the surface chemical groups of the CNFs
(Figure 1V.39). There was no visual difference in the response of FT-IR
spectra to different CNFs samples. The characteristic peaks were almost the
same in accordance with the finding that particle size and shape had an
inadequate influence on the FT-IR absorption bands [131], and a weak
absorption peak was identified at 1737 cm™!, attributed to the stretching
vibration of C=0 group of carboxyl. The characteristic peaks of the cellulose
molecule include the bending vibrations of -CH, and -OCH at 1426 cm™', the
stretching vibration of C-O at 1161 cm™', and the bending vibration of the C;-
H at 897 cm™'. These results indicate that mechanical treatment changes the
microstructures of the cellulose fibers while retaining their chemical features;
indeed, the spectra of both the cellulose and cellulose nanofibers showed
similar peaks (Figure IV.16 and IV.32, respectively), which were not
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destroyed by the intense disruptive forces (hydrodynamic -cavitation,
turbulence, and high shear) associated homogenization.

HPH-TP_CNFs
H,S0,-HPH_ CNFs

NaOH-HPH_ CNFs

Transmittance (a.u.)

TP_ CNFs

4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumbers (cm’™")
Figure 1V.39 FT-IR spectra of CNFs isolated from tomato pomace through
the combination of HPH treatment and mild acid-alkaline hydrolysis.

The dynamic adsorption behavior of CNFs at the water-oil interface was
investigated by monitoring the change of the dynamic interfacial tension (y)
of NCs water suspensions (0.5 wt%) with adsorption time (0 - 1,000 s) (Figure
IV.40). The initial interfacial tension value (yo) ranged between 13 and 16
mM/m and had a gradual decrease to an equilibrium value (y.) between 10
and 12 mM/m over time (following the exponential decay trend described by
Equation III.12 and fitting parameters reported in Table 1V.14). The results
indicated that all samples could rapidly absorb at the oil-water interface (about
333 s), causing the reduction of interfacial tension, and then gradually reached
equilibrium. Nevertheless, the physical properties of the smaller particles (i.e.
size, amorphous shape, surface roughness) can affect surface and interfacial
activity [ 128]. As a consequence, the highest defibrillation and hydrophobicity
of HPH-TP_CNFs contributed to their adsorption at oil-water interfaces [90],
indicating that the rate of HPH-TP_CNFs particles adsorbed on the oil-water
interface was increased [132]. However, this decrease in interfacial tension
was rather small in comparison with the interfacial tension values of highly
surface active molecules like surfactants and proteins [133]. Based on the
interfacial tension data, it can be expected that HPH-TP CNFs could be more
suitable for the further stabilization of Pickering emulsions, of interest in the
fields of biomedicine, food, and cosmetics [134] than the other NCs samples.
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Figure I1V.40 Peanut oil-water interfacial tension for aqueous suspensions at

0.5 wt% CNFs from cellulose isolated through mild acid-alkaline
fractionation process in combination with HPH treatment.

Table IV.14 Effect of HPH treatment on CNFs dispersed in water (0.5 wt%)
on the oil-water interfacial tension dynamic parameters (yo, V», and t,).

Yo (mN/m) Yoo (mN/m) T (8) R?
TP_CNFs 14.14 + 0.44° 11.39+0.10* 333.33 £1.02* 0.9851
NaOH-HPH_CNFs 16.04 = 0.62* 12.34+£0.39° 333.33+£0.98* 0.9887
H,SO,-HPH_CNFs 15.28 £0.39* 11.77£0.112 333.33£0.79* 0.9836
HPH-TP CNFs 13.30 £ 0.41° 10.74 +£0.27* 333.33 +£0.87* 0.9813

Different letters denote significant differences (p < 0.05) among the different samples within each column

(n=3).

The particle size distribution of NCs in suspension is represented in Figure
IV.41. From the DLS curve, it was noticed that all CNFs particles were
accumulated in the range of 10 and 100 um with a narrow and sharp peak at
around 40 pm diameter, except for TP-CNFs which displayed the minimum
and maximum particle sizes approximately of 56 and 595 pum, respectively.
DLS analysis integrates any particle to spherical particles of equivalent
volume; hence, CNFs measurement is expressed as a hydrodynamic apparent
particle size without taking into account the morphology of the fibers. Besides
particle size distribution, the formation of CNFs aggregates also causes the
increase in particle dimension. Indeed, the obtained results are in agreement
with the morphology analysis (Figures V.37 and I'V.38), which exhibited high
particle agglomeration with a diameter range of 100 - 200 nm and several
micrometers in length, therefore at least one dimension in the nano range.
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Figure 1V.41 Size distribution of aqueous suspensions at 0.5 wt% CNFs from

cellulose isolated through mild acid-alkaline fractionation process in
combination with HPH treatment.

1V.3.3.4. HSM mechanical treatment on bacterial cellulose

Optical microscopy images in Figure IV.42 evidenced the size and aspect
of Dbacterial microfibers (MBCs) obtained via HSM mechanical
destructuration of Kombucha membranes. The micrographs clearly show the
various morphological features of the cellulose sheets after the mechanical
treatment, which can be gradually peeled off from the cellulose fibers.

Scob

Scoby + HPH-TP Scoby + HPH-WM

Figure 1V.42 Optical microscopy images of bacterial microfibrils isolated
through HSM treatment.
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FT-IR spectra of microfluidized samples of BC via HSM were taken in
order to detect any peak shift that could be attributed to BC produced in
Kombucha tea media with the addition of different micronized AFRs (Figure
IV.43). The spectra are very similar to each other, independently of the added
micronized AFRs in the culture media, indicating that the polymer had almost
similar chemical structure. MBCs show absorption bands at 3400 - 3200 cm ™
attributed to a hydrogen-bonding region which contains signals from inter and
intramolecular interactions of cellulose (OH-) and hydroxyl groups stretching
vibrations due to water and carbohydrates [135-138]. Moreover, absorption
bands at 2392 and 2369 cm™' correspond to different stretching modes of C-
H in methyl (CH3) and methylene (CH,) functional groups associated to
cellulose [139]. In the range from 1800 to 1500 cm™, the band at 1650 cm™'
was assigned to the bending of O-H bonds in absorbed water molecules and
also to polyphenols contribution [139,140]. Particularly, those antioxidant
compounds that are present in tea extracts absorb at 1638 cm ™' and resulted in
a marked signal, being more intense compared to the spectra of the other
herbal extracts [141,142]. Therefore, the FT-IR results provide supportive
evidence, as shown in Figure IV.42 (morphological properties), no structural
changes in the polymer chains of BC occur among the change in culture media
of bacterial polymers.

Scoby + HPH-WM

Scoby + HPH-TP

Transmittance (a.u.)

Scoby

4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumbers (cm™)
Figure 1V.43 FT-IR spectra of bacterial microfibrils isolated through HSM
treatment.

Also in the case of MBC with DLS might be considered an inappropriate
analytical method to evaluate the dimensions of cellulose nano-/microfibrils,
since they are not particles with a relative sphericity. Nevertheless, PDS
analyzes could evidence a general trend of transition size distribution
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(monomodal, bimodal, etc) after the mechanical disruption in microfibrils
through HSM treatment as a function of added AFRs in culture media. This
aspect can be seen in Figure IV.44 and Table IV.15, where the particle size
distribution and characteristic diameters, respectively, of bacterial cellulose
after HSM micronization were presented. If for the Scoby there can still be
observed populations with average diameters of 306 pm, which is the length
of microfibrils, for the Scoby with HPH-treated AFRs the decreasing trend of
average diameters from 306 um to 65 and 42 um for HPH-TP and HPH-WM,
respectively, are better evidenced since MBC forms microaggregates with a
higher relative sphericity.

7 —_
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Figure 1V.44 Size distribution of aqueous suspensions at 0.5 wt% CNFs from
cellulose isolated through mild acid-alkaline fractionation process in
combination with HPH treatment.

Table IV.15 Effect of HSM mechanical treatments on bacterial cellulose
dispersed in water on particle size distribution (expressed as characteristic
diameters).

Scoby Scoby + HPH-TP  Scoby + HPH-WM
d(0.1) (wm) 54.88 13.35 471
d(0.5) (um) 306.38 64.99 42.42
d(0.9) (pm) 896.71 194.64 595.42
D[4,3] (um) 402.63 97.79 145.43
D[3,2] (wm) 116.47 25.98 10.11
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1V.3.3.6. Chemical and mechanical combined processes on barley
straw cellulose pulp

The characterization of the cellulose nanofibers isolated from unbleached
cellulose pulp (designed as LCNFs) and bleached cellulose pulp (designed as
CNFs) through TEMPO-mediated oxidation pre-treatment (designed as
LCNF-TO and CNF-TO) or PFI beater mechanical pre-treatment (designed as
LCNF-PFI and CNF-PFI) are summarized in Table IV.16.

The characteristics of the final CNFs are dependent on the pre-treatment
used during their production. Notably, CNFs obtained from bleached cellulose
pulp presented a higher nanofibrillation yield than those obtained from
unbleached ones, due to the high lignin content still present in the pulp. This
shows that the lignin content can have a greater influence on the
nanofibrillation process. Moreover, also the applied pre-treatment is one of
the most influential factors: in particular, a much higher nanofibrillation yield
was obtained for CNFs obtained through TEMPO-mediated oxidation
treatment. This was also observed for LCNFs with an increase in
nanofibrillation yields for that isolated with TEMPO-mediated oxidation than
that with PFI pre-treatment. The increased yield is due to the conversion of
C6 primary hydroxyl groups into carboxylic groups without leaving residual
aldehyde groups by the TEMPO-mediated oxidation [143,144]. The presence
of such groups produces repulsion between fibers, facilitating the dismantling
of the cellulose fiber structures by shearing forces [145].

Taking into consideration the carboxyl content, it was observed that the
TEMPO-mediated oxidation of both BS-UB and BS-B cellulosic pulp
produced chemical changes on the surface of the fibers, with a higher carboxyl
content than the PFI pre-treated fibers. The significant increase in carboxyl
content of about 280 and 500 pmol/g for LCNF-TO and CNF-TO,
respectively, with respect to the (L)CNF-PFI causes an easier fibrillation of
cellulose probably because (i) the carboxyl groups generate negative charges
that bring forth repulsive forces between microfbrils [146] within the cell wall
contributing to loosen the microfibrils cohesion held by hydrogen bonding;
and (ii) the oxidation favors the hydration and the swelling of the fibers
making them more flexible and the crystalline zone more accessible [147].
Less colloidal stability of the nanofibrillated suspension is the consequence of
the protonation of the -COO™ into -COOH, rendering not viable the repulsion
among nanofibers to take place. Based on the above results, one can rule in a
strong relation of carboxyl content to the nanofibrillation yield of the fiber,
which is then reflected in the colloidal stability of the NCs suspension through
electrostatic effects. A linear curve (f(x) =y, +a-x) is capable of
adequately describing the observed relation with the corresponding fitting
parameters reported in Table IV.17.
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Apart from the carboxyl content, also the cationic demand is strongly
related to the nanofibrillation yield, as shown in Figure IV.45. The higher
efficiency in the nanofibrillation process results in a larger exposed surface
area and therefore higher surface charge of the cellulosic fibers. The
determination of the cationic demand has been evaluated through
cationization, by evaluating the surface adsorption mechanisms of
polyDADMAC. In particular, two mechanism occur at the same time: (i)
strong ionic interactions formed between the -CH,-O- groups of cellulose
fibers in alkaline medium and the quaternary ammonium groups of
polyDADMAC [148]; and (ii) surface interactions due to London-Van Der
Waals forces [100]. Defined the specific surface area of a single poly-
DADMAC molecule, it would be then possible to theoretically calculate the
specific surface area and then the theoretical diameter of NCs. On the other
hand, a lower viscosity is observed for the CNF-TO, which sample showed
the highest carboxyl content and yield of fibrillation. It is likely that the
electrostatic repulsion resulting from the presence of a high level of ionized
carboxyl groups on the surface of the nanofibers reduces the extent of the
interaction among resulting in a lower viscosity of the suspension [147]. This
effect accounts equally for the lowest turbidity and therefore the higher
transparency of the CNF-TO.

A method for assessing the colloidal stability of dispersed nanoparticles is
the measurement of zeta potential, a parameter associated with the
electrokinetic properties of a particle in dispersion. The zeta potential was
similar for both LCNFs (-19.13 + 6.92 mV at pH 7.5 and -20.00 £ 0.75 at pH
6.5 for LCNF-TO and LCNF-PFI, respectively), which was significantly
lower (p < 0.05) than that of the CNFs, which was -63.97 £ 4.41 mV and -
25.77 £ 1.21 mV for CNF-TO and CNF-PFI, respectively. Considering that
the effect of pH on zeta potential was negligible [149], pulp composition and
pre-treatment affect the zeta potential the most (which are also the most
significant parameters affecting the NCs length) which implies that the size is
a dominant factor in predicting how NCs move in an electric field.
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Table 1V.16 Cellulose nanofiber isolated from barley straw cellulose pulps

characteristics.

LCNF-TO CNF-TO LCNF-PFI CNF-PFI
Nanofibrillation yield (%) 61.24 £ 1.00° 89.70 + 0.874 16.08 + 0.35° 26.17 £ 0.45"
Cationic demand (neq/g)  624.80 = 35.15b 732.40 + 40.05° 292.96 +21.82° 333.49 £ 37.29°
Carboxyl content (umol/g)  431.11+109.03°  653.06 + 41.72° 153.32+11.33 157.55 + 88.60°
Viscosity (ml/g) 225.15 +23.20° 189.69 + 28.71° 518.09 + 14.36 51278 +23.21°
Polymerization degree  (-) 536.07+5523"  451.65+68.36°  1233.56+34.18°  1220.90 + 55.26°
Turbidity (NTU) 56.95 £2.47° 15.02 & 3.44° 289.50 +9.19¢ 189.05 + 10.39°
pH ) 7.56+0.22b 7.16+0.15b 6.48 +0.16° 6.27 +0.35°
{-potential (mV) -19.13 £6.92° 63.97 £ 4.41° 20.00 4 0.75 2577+ 1.21°

Different letters denote significant differences (p < 0.05) among the different samples within each row (n = 3).
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Figure IV.45 Nanofibrillation yield of fibers according to the carboxyl
content and cationc demand for (o) LCNF-TO, (@) CNF-TO, (V) LCNF-PFI
and (©) CNF-PFI. Gray dash line represents the fitting curve of carboxyl
content, black solid line represents the fitting curve of cationic demand.

Table 1V.17 Fitting parameters and coefficient of determination for the fitting
of the data in Figure V.45, using equation f(x) = yo+a-x

Values
Parameters Carboxyl content  Cationic demand
Yo 6.038 190.023
a 7.096 6.333
R? 0.986 0.976
Adj R? 0.979 0.964

The quality of nanofibers, evaluated using different parameters through a
unique quantitative grade index, calculated with Equation IV.3 as proposed
by Desmaisons et al. (2017) [150], has been evaluated to (i) show the
relationship between the characteristics of the final (L)CNFs and the pre-
treatment used for their isolation; and (ii) to highlight the influence of their
final properties on the efficiency in the removal of cationic contaminants.

QI =0.30-x; —0.03-x, —0.071 - x5 + 2.54 - x3 — 5.35 (Iv.3)

-In(x,) + 59.9
where x; is the nanosize fraction (%), x» is the turbidity (NTU), x3 is the
Young’s modulus (GPa), and x4 is the macro-size (um?).
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Figure 1V.46a confirms that CNFs obtained from bleached cellulose pulp
through TEMPO-mediated oxidation pre-treatment possess a better quality
index than those produced from unbleached cellulose pulp with mechanical
pre-treatment. In particular, CNF-TO presents a significantly higher QI than
those produced with mechanical pre-treatment (69.0% and 68.3% for LCNF-
PFI and CNF- PFI, respectively). TEMPO chemical pre-treatment eases the
defibrillation process by creating repulsion between the fibers consequently
weakening the structure allows to obtain the better-quality CNFs (72.6% and
85.6% for LCNF-TO and CNF-TO, respectively). Moreover, among TEMPO-
mediated oxidation NCs, that one isolated from BS-B leads to increase in
nanofibrillation and therefore the production of a higher CNF quality.

Furthermore, a clear correlation was found between quality index and
nanofibrillation yield (Figure IV.46b). TEMPO chemical pre-treatment easing
the defibrillation process by creating repulsion between the fibers
consequently weakening the structure allows to obtain the better quality CNF.
Moreover, among TEMPO-mediated oxidation NCs, the one isolated from
unbleached cellulose pulp leads to increase in nanofibrillation and therefore
the production of a higher CNF quality.
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Figure 1V.46 Quality index: (a) influence of pre-treatments on cellulose pulp
and (b) relation between quality index and nanofibrillation yield.

The morphology of extracted celluloses under different pre-treatments was
observed using visual analysis and optical microscope (Figure IV.47).
Visually, it is clearly shown (Figure IV.47a) that, apart from LCNF-PFI which
exhibited a slight separation of phases, all NCs formed stable suspension in
water with a gel-like state. Moreover, at 1% solid content, the high
transparency of CNF-TO suspension is visibly observed, as expected from its
fibrillation yield of about 90%. Furthermore, the size and shape of cellulose
fibers could be easily observed under optical microscope (Figure IV.47b). In
general, considerable morphological differences of the cellulose fibers
occurred along with type of pre-treatment applied. NCs isolated with PFI pre-
treatment showed long-shaped morphology with length from 100 to 1,000 pm
and width from 5 to 25 pm depending on the effect of bleaching process. The
fibers from TEMPO-mediated oxidation pre-treatment had shorter length than
that from mechanical pre-treatment, indicating that the chemical process
caused more damages to the cellulose fibers by trimming down the length of
fibers. Moreover, the morphology of CNF-TO was completely different from
other three NCs, showing agglomerates of irregular particles with some
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needle-like debris between them. The significant size reduction of cellulose
fibers could be attributed to excessive oxidation.
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CNF-TO
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Figure IV.47 Visual observation (column a) and optical microscope (column
b) images of celluloses extracted from unbleached and bleached barley straw
cellulose pulp through chemical and mechanical pre-treatments.
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XRD analysis was performed to investigate the crystalline behavior of
extracted NCs. The XRD patterns of all samples (Figure 1V.48) showed major
peaks at 20 = 16° and 22° which indicated the presence of cellulose I structure
[151]. The crystallinity index (CrI), used to indicate the order of crystallinity,
was affected by each pre-treatment: LCNF-PFI < CNF-PFI < LCNF-TO <
CNF-TO, which was 48.83 +2.07%, 54.26 + 1.87%, 58.30 £ 2.41%, and 61.97
+ 0.96%, respectively, using Segal’s empirical method. It was noticeable that
TEMPO-extracted NCs from bleached cellulose pulp consisted of higher
crystallinity compared to other NCs. This is the result of impurities removal,
such as amorphous non-cellulosic compounds (lignin and ashes), due to the
bleaching treatment and the decay of amorphous regions with a consequent
rearrangement of the crystalline regions into a more ordered structure due to
the oxidation reaction.

3,57
—— LCNF-TO
—— CNF-TO
3,0 LCNF-PFI
—— CNF-PFI

Intensity (a.u.)

10 20 30 40 50 60
26 (%)
Figure 1V.48 XRD patterns for cellulose nanofibers extracted from
unbleached and bleached barley straw cellulose pulp.

The FT-IR spectra of the different NCs are shown in Figure IV.49. In
general, similar results to cellulose pulp were found for all spectrum of NCs,
which showed some signature characteristic bands, including 3300, 2900,
1030, and 900 cm ™', which belonged to O-H stretching, C-H stretching, C-H
deformation, C-O-C pyranose ring stretching vibration, and B-glycosidic
linkages, respectively. All the spectra had a peak at around 1620 cm™
attributed to the H-O-H bending of adsorbed water within cellulose samples
[152]. The highest peak intensity of both LCNF-TO and CNF-TO at around
1030 cm™" could be attributed to the carbonyl bonds present in the cellulose
skeleton [153].
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Figure IV.49 FT-IR spectra of NCs isolated through TEMPO-mediated
oxidation and PFI pre-treatments applied to unbleached and bleached
cellulose pulp from barley straw.

Papers from BS-UB and BS-B cellulose pulp exhibited a homogenous
surface but with large and macroscopically heterogeneous spots and visible
white agglomerates. In contrast, nanopapers prepared from CNFs suspension
generally showed semi-transparent and smooth appearance without any holes.
Mechanical properties and porosity of the derived papers and nanopapers
using extracted cellulose pulp and isolated cellulose nanofibers are reported
in Table IV.18. Nanopapers containing NCs complex isolated with
mechanical pre-treated exhibited the highest tensile strength and load at break
among all the papers. Due to the number of links among fibers, the type of
links, and the intrinsic resistance of the fiber, LCNF-PFI and CNF-PFI possess
a better adhesion between the cellulose fibers, resulting in superior mechanical
strength of film. Especially, nanopaper formed from the LCNF-PFI and CNF-
PFI suspensions exhibited the highest tensile strength value (28.62 +2.13 and
28.92 + 3.50 MPa, respectively), being notably higher than that of pure CNF-
TO (65 and 68% increase, respectively). A lower tensile strength causes a
reduction in flexibility. Furthermore, the crosslinking among mechanical pre-
treated complexed NC network enabled the enhancement of the strain at break
of the nanopaper, with an increase respect to CNF-TO of 105 and 207% for
LCNF-PFI and CNF-PFI, respectively. This improvement was likely due to
the enhanced interactions between NCs constituents of the nanopaper,
promoted by the electrostatic forces [154].
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Table IV.18 Mechanical properties from the elongation analysis of different
papers and nanopapers.

Young’s Modulus Tensile strength Load at break  Strain at Break

(GPa) (MPa) N) (%)
o BS-UB 1.58 +0.52° 3.98+0.91° 12.06 + 1.87* 1.10 = 0.20°
£ BS-B 2.55+1.05° 11.44£1.27° 25.85 +0.40° 1.72 +0.38°
LCNF-TO 30.08 £ 0.26¢ 7.63 £ 1.04® 9.49 + 0.98" 1.02 £ 0.06
;-5 CNF-TO 37.27 £ 1.24° 17.33 £0.15¢ 9.02 + 0.35° 0.86 + 0.28"
§ LCNEF-PFI 9.59 + 1.04° 28.62 +2.13¢ 31.48 +2.28° 1.76 £ 0.17°
CNF-PFI 436 +0.68 28.92 £ 3.50¢ 28.99 +0.73¢ 1.79 £ 0.19

Different letters denote significant differences (p < 0.05) among the different samples within each column

(n=3).

Figure IV.50 shows the apparent density of nanopapers, from which it is
possible to deduce a significant increase after bleaching treatment for both
chemical and mechanical pre-treated NCs. Higher apparent density most
likely thanks to stronger hydrogen bonds as well as particle sizes being better
matched to the surface in absence of impurities [155]. Interestingly, the
density and porosity of the nanopaper were strongly influenced by the nature
of NC instead of pre-treatment. This indicated that the elimination of lignin
allowed to control pore sizes within the paper and porosity of the paper. As a
result, the reduction in porosity of the paper has been reported to improve
mechanical properties (as confirmed in Table I'V.18) of the paper owing to the
increased hydrogen bonding introduced by CNF with high surface area [110].
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Figure IV.50 Apparent density (vertical bars) and porosity (simple line) of
nanopapers formed from extracted NCs. Different lowercase and uppercase
letters indicate significant differences (p < 0.05) between samples for
apparent density and porosity, respectively.
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IV.3.4. Conclusions

To enhance the overall performance of cellulose polymer isolated from
AFRs, as described in the previous section, efforts have been made to improve
their intrinsic properties by disrupting the strong hydrogen bonds between
cellulose molecules and fibrils and obtaining cellulose nanoparticles. In
summary, results show that both HPH and TEMPO-mediated oxidation can
be used to prepare NCs from both pure cellulose or AFRs cellulose pulp with
improved functional performance, such as defibrillated structure, gelling, and
high colloidal stability. The mean particle diameter varies according to the
input cellulosic material as well as the applied treatment, while the {-potential
raised negative values for all samples thanks to the intensity of chemical
treatment or the mechanical disruptive forces. The main findings
demonstrated that NCs could be successfully isolated and their properties
tuned according to the final application and starting cellulosic material (Table
IV.19) based on the selected sustainable integrated processes (the combination
of TEMPO-oxidation or PFI beater mechanical treatment with
homogenization), developing the biobased circular economy. Overall, the use
of AFRs to prepare high-performance NCs to achieve high-value utilization
of agricultural waste provides new ideas and new methods for the preparation
of NCs. Pushing the usage of NCs into new and innovative advanced
applications, to create materials with tunable and improved characteristics will
be of particular interest for the next chapter, especially the exploitation of
AFRs as cost-effective commercial sources of NCs.

Table IV.19 NCs isolation from (AFRs) cellulose pulp: advantages and

application for each nanomaterials.
Cellulose pulp Treatment Remarks
CHEMICAL OXIDATION

Applications

Northern bleached TEMPO-mediated

CNCs and CNFs with width of 3 and

NCs reinforcing

softwood kraft  oxidation 10 nm, respectively and length of agents to
pulp Celeste 85 170 nm and several micrometres, hydrophobic
respectively, CNCs are needle- polymer for
shaped, while CNFs are elongated, nanocomposites
and partly disordered fibers, with a ~ CNFs O/W
nanosized, roughly spherical cross Pickering
section. CNFs particles present the stabilizer
ability to act onto the O/W interface
MECHANICAL TREATMENTS
Commercial BM CNFs characterized by a constant Performance-
cellulose cross-section, high birefringence enhancement
Arbocel® properties, and  well-separated  additive in
BWW40 fibers particles with an irregular shape and  composite
a lateral size is in the range of 10 -  materials
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HPH CNFs exhibited a no ordered and O/W  Pickering
uniform particle distribution but = stabilizer
with high defibrillated structure.
Flexible fibers capable of adapting
to the curved interfacial surface
Tomato pomace HPH Thinner fibers with high erosionand O/W  Pickering
cellulose pulp defibrillation of surface and stabilizer
hydrophobicity contributed to their
adsorption at oil-water interfaces
Bacterial cellulose ~ HSM Individual microfibrils with  Additive in edible
entangled network structure with coating to form
average diameter of 40 - 300 pm. strengthened
composites
increasing the
antimicrobial
properties
COMBINATION OF CHEMICAL AND MECHANICAL TREATMENTS
Barley straw  TEMPO-mediated  Gel-like materials with short length ~ Performance-
cellulose pulp oxidation + HPH (<100 pm), 2 - 5 pm in width and  enhancement
crystallinity of 58 - 62%. Low additive in
flexibility and high porosity due to traditional
the decrease in  mechanical papermaking
properties Novel

nanocomposite to
eliminate
contaminants from
industrial effluents
Promising
materials for the
amine
modification and
future capture of
CO,

COMBINATION OF MECHANICAL TREATMENTS

Barley straw  PFI beater + HPH
cellulose pulp

Gel-like materials with long-shaped
morphology (length from 100 to
1,000 um and width from 5 to 25
um) and crystallinity of 49 - 54%.
Good adhesion  between the
cellulose fibers, resulting in high
mechanical strength.

Performance-
enhancement
additive in
traditional
papermaking
Adsorption
materials
Promising
materials
amine
modification and
future capture of
CO,

for the
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Chapter V
Advanced and innovative
applications

Section V.1 — NCs-stabilized Pickering emulsions

Section V.2 — NCs capillary suspensions for oil
structuring

Section V.3 — NCs-based aerogels for the removal
of pollutants from wastewater

Section V.4 — Reinforcement materials for edible
coatings

Section V.5 — Amine-modified NCs for CO:
capture via adsorption

Cellulose materials and in particular cellulose in the form of nanostructures
have been proved in the previous chapter to be one of the most prominent
green materials of modern times, owing to their attractive and excellent
characteristics such as abundance, high aspect ratio, good mechanical
properties, renewability, and biocompatibility. The abundant hydroxyl
functional groups allow a wide range of functionalization via chemical
reactions, leading to developing various materials with tunable features. In
this chapter, recent advances in the preparation, modification, and emerging
application of nanocellulose (NCs) are described and discussed, with special
emphasis on Pickering emulsifiers, oleocolloids, adsorption, and
nanocomposites. These research activities have been conducted to fulfill
current needs in advanced application, and achieve the feasibility of the final
materials, in particular (i) develop new methods/process to produce NCs-
based materials; (ii) exploit NCs for advanced materials based on the specific
feedstock, isolation process, and final properties; and (iii) decrease the energy-
and time-consumption of the NCs-based materials.
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Section V.1
NCs-stabilized Pickering
emulsions

Part of results of this section have been published or are currently under review in scientific journals:

e Pirozzi, A., Capuano, R., Avolio, R., Gentile, G., Ferrari, G., Donsi, F. (2021). O/W Pickering
Emulsions Stabilized with Cellulose Nanofibrils Produced through Different Mechanical Treatments,
Foods, 10, 1886. doi:10.3390/foods10081886.

e Pirozzi, A., Bettotti, P., Ferrari, G., Facchinelli, T., D'Amato, E., Scarpa, M., Donsi, F. (2023). Oil-in-
water Pickering emulsions stabilized by nanostructured cellulose: comparison of cellulose nanocrystals
and nanofibrils, Under submission.

Nanostructured cellulosic material, nanofibrils (CNFs) and nanocrystals
(CNCs), obtained through different mechanical treatments (i.e. BM and HPH)
or TEMPO-mediated oxidation by changing catalyst concentration and
processing time, were tested in the stabilization of Pickering emulsions,
fabricated through high-pressure homogenization (HPH). Moreover, this
section aimed also at studying the stabilization of O/W Pickering emulsions
using HPH micronized tomato pomace. Results showed that both CNFs and
CNCs provided efficient steric and electrostatic stabilization of the oil-in-
water emulsions. Remarkably, the strong inter-droplet interactions, observed
when CNFs were used as stabilizers, because of long fibers with higher
flexibility and fibrils entanglement in the continuous phase, resulted in a 3D
fibrous network emulsion, with higher viscosity than CNCs-stabilized
emulsions, and higher tendency towards flocculation. HPH-treated tomato
pomace gave similar results in terms of particle morphology and interfacial
tension, and slightly lower emulsion stabilization capability than HPH-treated
cellulose, suggesting that the used mechanical disruption process does not
require cellulose isolation for its efficient defibrillation. Therefore, the HPH
treatment significantly affected the nanofibrils interfacial layer, promoting the
emulsifying ability of CNFs, and increasing stability against coalescence. In
contrast, CNCs-stabilized emulsions exhibited, along with lower viscosity,
higher interfacial activity, and emulsion stabilization capability, without any
phase separation during 10 months of refrigerated storage. Emulsion stability
tests, carried out at 4 °C for 28 d or under centrifugation at different pH values
(2.0, 7.0, and 12.0), revealed that CNFs limited the occurrence of coalescence
phenomena and significantly slowed down gravitational separation.
Remarkably, it can be concluded that NCs with tailored emulsifying properties
can be easily obtained through the regulation of the process intensity of
TEMPO-mediated oxidation of pulp cellulose or changing the mechanical
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treatments, opening the way to the production of new ingredients for the food
and cosmetic industries.

V.1.1. Specific goal and work plan

Emulsions are mixtures of two immiscible liquids, with one of them finely
dispersed in the form of small droplets into the continuous phase of the other
liquid [1], for example, oil droplets dispersed in water (O/W emulsions). Since
emulsions are thermodynamically unstable systems, tending towards
complete phase separation, their properties are bound to change over time.
The rate of change of emulsion properties, and in particular droplet size
distribution, in comparison with the expected shelf life of the product
containing the emulsion, defines emulsion kinetic stability [2]. Different
mechanisms accelerate emulsion instability phenomena. Physical instability
mechanisms include flocculation, coalescence, Ostwald ripening,
gravitational separation, and phase inversion [3], whereas the most common
sources of chemical instability are lipid oxidation and degradation of
functional ingredients, such as aroma, flavor, or health-beneficial compounds
[4]. A (kinetically) stable emulsion can resist the environmental stimuli
experienced during emulsion incorporation into the final product, and
subsequent transformation, storage, and preparation, such as exposure to
extremes of temperature, pH, ion concentration, radiation, or shearing [3].
Optimal emulsion performance, in terms of ease of preparation and stability
over time, is ensured by the proper selection of interfacial agents, such as
surfactants or polymeric emulsifiers, which reduce the interfacial tension
between the two phases, stabilizing the emulsion droplet during emulsification
and storage, and therefore delaying phase separation.

Emulsions can be efficiently stabilized also by colloidal particles, instead
of surfactants or emulsifiers molecules, forming the so-called Pickering
emulsions [3]. Solid particles irreversibly adsorb at the liquid/liquid interfaces
because of their high interfacial adsorption energy, forming a dense film
around the oil droplets, which prevents droplet coalescence mainly through
steric repulsion [5], maintaining excellent stability over time regardless of the
external environmental stimuli. Moreover, since several edible natural
substances (e.g., polysaccharides, proteins, and lipids) can be used as solid
particulate stabilizing materials, Pickering emulsions generally exhibit lower
toxicity and better biocompatibility and food compatibility than emulsions
stabilized by surfactants [6], which is matter of health and environmental
concerns. Many researchers have focused on the utilization of proteins for this
purpose, derived from animal, plant, or microbial sources [7]. Although
protein particles can be produced in nanometric size, protein-based particle-
stabilized emulsions are generally sensitive to coalescence at pH around their
isoelectric points and are susceptible to proteolytic enzymes [8].
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Recently, polysaccharide-based particles have attracted increasing
attention as potential stabilizers in multi-phase food systems. Among
polysaccharides, nanostructured cellulose is particularly suitable for the
stabilization of edible Pickering emulsions, of interest in the fields of
biomedicine, food, and cosmetics [6]. Nanosized cellulosic materials (NCs)
possess several advantages deriving from their nanometric sizes, such as high
tensile strength, stiffness, and surface functional groups. When used as a
stabilizer in O/W emulsions, NCs are reported to significantly enhance the
properties and performance in comparison with conventional systems [9].

NCs are generally prepared using a top-down approach to isolate the semi-
crystalline individual nanofibers or extract the crystalline portion. The chosen
process and its processing conditions determine the type of NCs produced:
cellulose nanocrystals (CNCs) are produced from chemical and enzymatic
treatments, and cellulose nanofibrils (CNFs) are obtained by either mechanical
or chemical treatments [10—12], with high and low aspect ratios, respectively.
In particular, while the diameter of CNFs is in the nanoscale, i.e., less than
100 nm, their length is typically up to a few micrometers, and disordered
regions are still present in the fibrils. Conversely, CNCs are rod-like
crystalline structures, with diameters of 2 - 25 nm and lengths from 100 to 750
nm [13]. The tuning of the structure of these nanomaterials, while preserving
the similar chemical nature, offers an interesting opportunity to investigate the
effect of the physical (i.e. morphological) parameters on the characteristics
and stability of the Pickering emulsions. More specifically, the exploitation of
different types of cellulose-based nanomaterials, such as CNFs and CNCs,
represents a promising strategy to increase the technologic and profitable
potential of NCs in the fabrication of food-grade Pickering emulsions, due to
their unique properties and excellent sustainability, biocompatibility, and
renewability.

This section aimed to investigate the structure effect of different cellulose
nanoparticles, such as CNFs and CNCs, obtained by TEMPO-mediated
oxidation or mechanical treatments from cellulose pulp and HPH-micronized
tomato pomace, on the production and stabilization of oil-in-water Pickering
emulsions (Figure V.1). In particular, the correlation between the
physicochemical properties of different NCs with emulsion properties (mean
diameter, (-potential, microstructure, and rheological properties) is
investigated to understand how to improve emulsions behavior and stability
over time in function of isolated NCs.
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V.1.2. Specific material and methods
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Figure V.1 Schematic representation of methodology used for Pickering
emulsion preparation stabilized by NCs and HPH micronized tomato pomace.

V.1.2.1. Materials

NCs were obtained thought TEMPO-mediated oxidation of northern
bleached softwood kraft pulp Celeste 85, as described in detail in section §
II1.5.1, and identified as CNCs-C85 and CNFs-C85. NCs were also obtained
through BM and HPH treatment on Commercial cellulose Arbocel® BWW40,
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as described in detail in sections § II1.5.2.1 and § II1.5.2.2, respectively.
Nanoparticles are identified as BM30-CNFs and BM60-CNFs for ball milled
cellulose pulp and HPH-CNFs for HPH-treated cellulose pulp. Tomato
pomace has been micronized through HPH treatment (sample HPH-TP) as
described in section § 111.3.2.

Peanut oil, purchased from a local market (Olio di Semi di Arachide Giglio
Oro, Firenze, Italy), was used as the oil phase. Its composition (on weight
basis, based on manufacture’s specification) comprises 18 wt% of saturated
fatty acids, 46 wt% of monounsaturated fatty acids, and 28 wt% of
polyunsaturated fatty acids.

All reagents were of analytical grade unless otherwise stated. Micro-pure
deionized water was used throughout the experiments.

V.1.2.2. Preparation of Pickering emulsions

Coarse oil-in-water emulsions were prepared by mixing peanut oil (5 wt%)
with the aqueous phase (95 wt%) containing 0.5 wt% of NCs or HPH-TP in
ultrapure H,O, in a high-shear mixer (HSM) (MIULab MT-30K Handheld
Homogenizer, Hangzhou, China) at 35,000 rpm for 5 min in an ice bath. The
obtained coarse emulsions were then treated through a HPH process at 80 MPa
for 15 equivalent passes, with the heat exchangers set at 5 °C, in a lab set-up
(orifice-type homogenizer) previously described in detail by Pirozzi et al.
(2021) [14].

V.1.2.3. Pickering emulsions characterization

The microscopic structure of Pickering emulsions was observed using the
optical inverted microscope Nikon Eclipse equipped with a polarization filter,
with a 10x objective, coupled to a DS Camera Control for image acquisition
and analysis, as described in § I111.7.3.4.1. Prepared solutions were observed
also using a polarizing light to observe NCs birefringence. The anisotropic
properties and the microstructure of the different Pickering emulsions were
also measured with the same microscope. For fluorescence measurements, 10
pL of Nile Red (1 mg/mL in ethanol) was added to 100 pL of collected
samples to stain the oil phase before observations.

The emulsions size distributions were measured by laser diffraction using
a Mastersizer 2000 instrument (§ II1.7.3.5), using the Fraunhofer
approximation, which does not require knowledge of the optical properties of
the sample. The temperature of the cell was maintained at 25 + 0.5 °C.
Characteristic diameters d(0.1), d(0.5), and d(0.9), corresponding to the 10™,
50" (median value), and 90" percentile of the cumulative size distribution of
the suspensions, were evaluated. Additionally, the surface-weighted mean
diameter D[3,2] and volume-weighted mean diameter D[4,3] were determined
according to Equations III.4 and IIL.5. The relative span factors were
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calculated according to Equation II1.6, to express the distribution width of the
droplet size distribution.

The surface coverage (SC) of NCs of the internal phase of the Pickering
emulsions was given by the theoretical maximum surface area by the particles
(SP) divided by the total surface displayed by the oil droplets (Sq) according
to the following equation [15-17]:

SC = Sp _mp - D[3,2] V.1

Sqg 6-h-pp-V

where mp is the mass of particles in the Pickering emulsion (g), D[3,2] is the
surface-weighted mean diameter, h is the thickness of cellulose fibers, pp is
the cellulose density (1.6 g cm™) and V is the volume of oil used in the
Pickering emulsion (mL).

The rheological properties of Pickering emulsions were characterized by
using a rotational rheometer (AR 2000 rheometer, TA instruments, Newcastle,
DE, USA), equipped with a concentric cylinder (15 mm stator inner diameter,
28 mm rotor outer diameter, 42 mm cylinder immersed height, 2° cone angle).
Viscosity curves were obtained by changing the shear rate from 0.1 s up to a
rate of 200 s' and the temperature was set at 20 °C. The viscosity
measurements were repeated five times for each emulsion. Newtonian model
(Equation V.2) and Power Law (Ostwaldde-Waele) models (Equation V.3)
[18] were used to fit the experimental data.

T=1n"Yy (V.2)

T=K-y" V.3)
where 1 is the shear stress, 1 is the viscosity, K is the consistency index, n is
the flow behavior index, and vy is the shear rate.

The emulsion’s stability was determined according to the turbidimetric
method [19]. The absorbance values of freshly prepared emulsions (to) and
after 30 min (tz0) were read at 500 nm against a blank (dilution solution)
following the introduction of 50 pL of emulsion into 5 mL of 0.1 wt% sodium
dodecyl sulfate (SDS) solution. The emulsifying activity index (EAI) and the
emulsion stability index (ESI) were calculated using Equation V.4 and V.5,
respectively.

EAl m? 5 T V4
<g>_ (1-9)-C-1,000
EAL,
EAl,, — EAl,,
where T is the turbidity, 9 is the volume fraction of oil used to form the
emulsion, and C (g mL™) is the initial concentration of NCs. EAly and EAlzo
are the emulsifying activity indexes calculated at 0 and 30 min, respectively.
The turbidity was calculated by using Equation V.6:
A-DF (V.6)

T = 2303 - ——
303 —

(V.5)

ESI(-) = -100
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where A is the absorbance of the sample at to and 500 nm, DF is the dilution
factor, and OP is the optical path (1 cm, in the used equipment).

V.1.2.4. Influence of environmental stimuli on emulsions stability

Emulsion stability was assessed by visual observation and monitored by
taking photos for a storage period of at least one month at 4 °C. Moreover,
accelerated stability tests against gravitational separation were also conducted,
by centrifuging the emulsions at 3,500 rpm for 10 and 20 min, which are
considered equivalent to a gravitational acceleration field applied for around
six and twelve months, respectively [20]. The effects on the stability of the
Pickering emulsions of pH over storage were investigated through
microstructure observation and rheological analysis. The pH of the emulsions
was adjusted from 2 to 12 using 0.1 mol/L of HCI solution and 0.1 mol/L of
NaOH solution.

V.1.2.5. Statistical analysis

Statistically significant differences (p < 0.05) between the means were
evaluated using a one-way analysis of variance (ANOVA), performed with
SPSS 20 (SPSS Inc., Chicago, IL, USA) statistical package, and Tukey’s test.
At least three replicates were conducted for each analysis otherwise specified.
All the data were reported in the form of mean = SD.

V.1.3. Results and discussion

V.1.3.1. Characteristics of Pickering emulsions

The digital pictures and optical microscopic images, and of freshly
prepared Pickering emulsions stabilized with NCs and with HPH-TP at 5 wt%
oil phase are shown in Figure V.2. In the right column of Figure V.2, cellulose
and oil are distinguishable in the fluorescence micrographs, where the
cellulose birefringence can be recognized by yellowish shades, and the Nile-
red stained oil is also evident as red domains. The oil droplets of CNFs-C85
stabilized emulsions showed a spherical structure with a uniform size of about
3 um (Figure V.2b). When the stabilizer was CNCs-C85, the emulsion was
still uniform in size, but the particles, characterized by a greater rigidity, were
not able to completely cover the oil droplets, remaining partly dispersed in the
aqueous phase (Figure V.2a). Nevertheless, no phase separation occurs during
storage at 4 °C (data not shown). The appearance of the emulsions prepared
with BM-CNFs, shown in Figure V.2c-d, suggests that the cellulose particles
do not completely cover the oil droplets, but remain largely dispersed in the
aqueous phase. This effect is also confirmed by the fluorescence micrographs
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in Figure V.2a-b (corresponding to the brightfield micrographs in the left
column), which highlights the uniform fiber dispersion in water as a green
shade observed in the entire continuous phase. This agrees well with the
limited stability of these emulsions, associated with droplet coalescence,
causing complete phase separation within 24 h after preparation (data not
shown). Interestingly, for the emulsions prepared with HPH-CNFs and HPH-
TP (Figure V.2e-f), the particles form large irregular domains aggregated
around the oil droplets, efficiently entrapping them and maintaining the oil in
emulsified form. In the case of HPH-CNFs and HPH-TP emulsions, no
fluorescent reflection was observed in the continuous phase. This observation
indicates that these solid particles are mainly aggregated around the oil
droplets and close to the oil-water interface, leading to the efficient
stabilization of the Pickering emulsions. In these emulsions, no coalescence
phenomena were observed over 28 d at 4 °C (no evidence of oiling off), but
only gravitational separation and associated creaming. Vigorous mixing was
sufficient to form again the emulsion. These systems displayed outstanding
stability against droplet coalescence likely as a consequence of steric
stabilization due to the different cellulose configuration in comparison with
BM cellulose, and also possibly to the thickening effect of the aqueous phase
due to the longer cellulose chains [21]. Different efficiency in O/W
stabilization can be related to the difference in morphological properties
(shape and size) of nanoparticles cellulose chains: flexible and defibrillated
nanocellulose (CNFs-C85, HPH-CNFs and HPH-TP) are likely to diffuse
faster, and better cover smaller oil droplets. Another possible reason for this
phenomenon was the aggregation of nanofibrillated cellulose and thickening
effect of the aqueous phase due to the longer cellulose chains: therefore,
entrapping of the oil droplets was more efficient, and a 3D emulsified structure
was promoted. It can be speculated that the improved capacity of
entanglement allows to bridge the neighbouring droplets to create an
entangled droplet fiber 3D network.

Brightfield Fluorescence

100 pm

b
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Figure V.2 Comparison between brightfield (left column) anduorescence
(right column) micrographs of emulsion stabilized with (a) CNCs-C85, (b)
CNFs-C85, (c) BM30-CNFs, (d) BM60-CNFs, (e) HPH-CNFs, and (f) HPH-
TP.

LaN

Generally, the differences in interfacial tension and {-potential (§ IV.3.3.1)
can be related to the observed difference in emulsifying performance, such as
ability to act onto the oil-water interface, the promotion of droplet formation,
and the increase of droplet stability induced by electrostatic repulsion [6].
Remarkably, despite the differences in interfacial tension and {-potential, all
NCs samples excluding BM-CNFs, displayed outstanding stability against
droplet coalescence, without any phase separation under refrigerated storage
at 4 °C, likely because of the efficient steric and electrostatic stabilization.
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In order to further understand the mechanisms of Pickering emulsion
stabilization with NCs, the droplet size distribution (Figure V.3) and mean
droplet diameters (Table V.1) of the emulsions were measured. The particle
size distribution of emulsions stabilized with NCs isolated via TEMPO-
mediated oxidation presented a monomodal and narrower droplet size
distribution (peak around 1 pm and span of 1.2 and 1.4 for CNCs and CNFs,
respectively). Meanwhile, the particle size distribution of emulsions stabilized
with NCs isolated via mechanical processes was multimodal, with two or more
peaks in the distribution curve within a range from 1 to 100 um. It can be
observed that the measured size distributions are coherent with the
micrographs of Figure V.2. Indeed, BM-CNFs and HPH-treated materials
displayed no-uniform droplets in dimension, while the Pickering emulsions
with CNCs-C85 or CNFs-C85 became uniform and displayed many smaller
droplets in dimension. Furthermore, the droplet size distribution of
mechanical-treated samples is characterized by d(0.9) in the range of 54 - 84
um. On the other hand, d(0.9) of CNCs-C85 and CNFs-C85 stabilized
Pickering emulsions is in the micrometric size range, of about 2 and 3 um,
respectively. The volume mean diameters D[4,3] were in the range of 1 - 23
um, the surface mean diameters D[3,2] in the range of 1 - 10 um (Table V.1).
Low DJ[3,2] values are generally associated with higher kinetic stability
because of the reduction of the effects of the gravitational phase separation,
this, in turn, is due to the fact that the droplets separation velocity is
proportional to the square radius [22].
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<N
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Figure V.3 Droplet size distribution of the oil-in-water Pickering emulsion.
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Table V.1 Particle size distribution (expressed as characteristic diameters)
of Pickering emulsions.

CNCs-C85 CNFs-C85 BM30-CNFs  BM60-CNFs  HPH-CNFs HPH-TP

d(o,1) 0.75 0.83 1.92 1.79 5.02 3.82
d(0,5) 1.27 1.50 15.60 16.65 21.75 34.40
d(0,9) 2.23 293 54.44 84.25 53.85 72.73
D[4,3] 1.40 1.77 22.90 31.11 26.38 37.05
D[3.2] 1.18 1.37 5.70 5.44 8.45 9.83

In addition, to evaluate the influence of particle types on the stabilization
of emulsion, the surface coverage has been determined, by investigating the
relationship between the size of the emulsions as a function of the volume
fraction of dispersed phase (i.e. oil) and estimating the emulsion coverage as
the maximum number of particles entrapped at the droplet interface. The
percentage coverage of the emulsions stabilized with TEMPO-mediated
oxidation isolation process of NCs was higher than 100% (377% and 131%
for CNCs and CNFs, respectively). This could be ascribed to the content,
physical size, and morphology of NCs, whose fibrous particles linked or
overlapped at the oil-water surface. Meanwhile, the surface coverage of
emulsions stabilized with mechanical-treated samples was less than 100%
(11%, 17%, 81%, and 47% for BM30-CNFs, BM60-CNFs, HPH-CNFs, and
HPH-TP, respectively). Based on these results, it can be inferred that the
CNCs-C85, CNFs-C85, and HPH-CNFs particles had a significant influence
on the O/W interface, where they likely associate and form a three-
dimensional network entrapping the emulsion droplets and inhibiting them
from freely moving, hence contributing to improving emulsion stability.

The strong interaction between the nanomaterials and the oil droplets, as
suggested by the present data, can promote the physical stability of the
Pickering emulsions, by (i) increasing the viscosity of the continuous phase;
(ii) reducing the emulsion droplets size; and/or (iii) reducing the difference in
density between the continuous phase and the disperse one [6,23-26].

Therefore, the rheological properties of the emulsions have been evaluated
for interpreting the effect of morphological properties of NCs on the viscosity
of the emulsions, in relation to their stability, through flow measurements in
steady-state conditions. The viscosity of Pickering emulsions (Figure V.4)
showed the typical non-Newtonian shear thinning behavior, i.e. the apparent
viscosity decreased at increasing shear rate, with a in the entire shear rate
range of 0.1 to 100 s”'. The decrease in viscosity can be linked to the structural
deformation of emulsion, since the breakdown of the entangled three-
dimensional networks of nanofiber bundles [27,28] and their orientation along
flow lines upon the shear force application [29]. CNFs-C85 favored the
increase of emulsion apparent viscosity values [30] with respect to the same
amount (mg/mL) of CNCs-C85, due to their peculiar morphological
properties. The long, flexible, and defibrillated fibers interacted strongly in
the O/W emulsion system and consequently formed internal entanglements in
the continuous phase.
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These results suggest that CNFs-C85 particles are prone to strongly interact
through Van der Waals forces and/or hydrogen bonds in the continuous phase,
with a consequent increase in viscosity. The strong 3D emulsion network
formed leads to restricted movement of the oil droplets and improved
emulsion stability. Different mechanical treatments on cellulose influenced
also the rheological behavior of Pickering stabilized emulsions. It can be
noticed that both emulsions stabilized with BM cellulose demonstrated the
occurrence of hysteresis (data not shown) within the range of shear rate
investigated, suggesting significant instability during shearing. Moreover, it
was observed that the HPH-CNFs emulsion viscosity displayed higher
viscosity values, indicating strengthened attractive forces between the
emulsion droplets, which likely contributed to forming a three-dimensional
network structure of the highly flexible fibers shown in Figure V.2e. This
consideration is in very good agreement with the observed emulsion
microstructure and the interfacial tension measurements.
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Figure V.4 Flow measurements (viscosity as a function of shear rate) in
steady-state conditions of freshly prepared emulsion. Each flow curve is the
average of five measurements.
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V.1.3.2. Stability of Pickering emulsions stabilized with chemical
isolated NCs

To examine the long-term stability of different types of NCs on Pickering
emulsions, the change in the microstructure and the mean droplet diameter
upon aging for 10 months at 4 °C was monitored. Figures V.5 displays
microscope images of the emulsions stabilized by CNCs-C85 and CNFs-C85.
Visual observations show that CNCs-C85 could efficiently stabilize the
Pickering emulsions, without showing any sign of precipitation or flocculation
during the entire storage period. The appearance of CNCs-C85 stabilized
emulsion suggested no occurrence of phase separation after 10 months.
Emulsion droplet size distribution exhibited some changes over the storage
period, with the appearance of a peak at smaller size and the reduction in
volume of the initially observed peak. This phenomenon can be attributed to
the onset of coalescence, which caused an initial increase in droplet size,
associated with the reduction of the surface area to be covered by the CNCs-
C85 particles, with the suspension in water of CNCs-C85 particles no more
adsorbed at the O/W surface. At the same time, the reduction of the O/W
specific surface is also reported to increase the surface coverage of droplets,
whereby a network structure is formed that prevents oil droplets from further
condensing together into larger droplets [31]. In contrast, flocculation of the
emulsions prepared with CNFs-C85 can be clearly observed at the end of the
storage period, through the formation of aggregates visibly by naked eye and
through optical microscopy (Figure V.5). This instability phenomenon can be
ascribed to bridging flocculation, in agreement with the observed increase in
CNFs-C85 emulsion viscosity because of fiber entanglements in the
continuous phase.

(a) (b)

///c;ﬁ CNCs
]
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Figure V.5 Visual observation and micrographs of (a) freshly prepared
Pickering emulsions and (b) emulsions after 10 months of storage at 5 °C (10x
of magnification) stabilized by CNCs-C85 and CNFs-C85 at first and second
row, respectively.

The formation of aggregates is clearly visible also from the particle size
distribution data in Figure V.6, which might be due to CNFs-C85 chain
interactions which led to droplet flocculation through particle bridging
mechanism at O/W interface.
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Figure V.6 Droplet size distributions of CNCs-C85 and CNFs-C85 stabilized
emulsions on day 0 (- dotted line) and 10 months (— solid line).
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The emulsifying activity and emulsion stability, the most important
parameters to estimate the emulsifier ability to form a stable emulsion, were
determined for both fresh emulsions and emulsions stored for 10 months at
refrigerated conditions. EAI and ESI, evaluated through Equations V.4 and
V.5 and reported in the Table V.2, are greatly dependent on the
hydrophobicity and the ionic charge of CNCs-C85 and CNFs-C85. After
preparation, a significantly (p < 0.05) higher value of the index of the
interfacial area stabilized per unit of weight (EAI = 186 + 4 m?/g) was
observed for CNCs-C85. This phenomenon was attributed to the smaller
molecules that could quickly diffuse and adsorb onto the oil-water interface
[32,33]. Simultaneously, ESI was 0.14 + 0.03 and 0.33 + 0.09% for CNCs-
C85 and CNFs-C85 stabilized emulsions, respectively. ESI of CNFs-C85
emulsion was significantly (p < 0.05) higher than for the CNCs-C85 stabilized
emulsion, likely because of the higher molecular flexibility of CNFs-C85, an
important factor for forming a compact interfacial layer and promoting
emulsion stability. After the storage period, emulsions exhibited lower EAI
values than those freshly prepared, but constant ESI values. The capability to
stabilize emulsions (ESI) was higher in CNFs-C85 stabilized emulsions
mainly because of the higher viscosity of the continuous phase, which slowed
down gravitational separation phenomena.

Table V.2 Emulsifying activity (EAI) and emulsion stability (ESI) parameters
of Pickering emulsions stabilized by CNCs-C85 and CNFs-C85.

Fresh emulsions After 10 months of storage
CNCs-C85 CNFs-C85 CNCs-C85 CNFs-C85
EAI (m%/g) 186.03 + 4.40¢ 150.02 +2.98° 54.27 £ 4.02° 4523 +4.16°
ESI (%) 0.14+£0.03* 0.33+0.09° 0.17£0.10* 0.32+0.02°

Different letters denote significant differences (p < 0.05) among the different samples within each row (n
=3).

V.1.3.3. Stability of Pickering emulsions stabilized with mechanical

isolated NCs

The influence of pH on the physical stability of the Pickering emulsion
stabilized by BM-CNFs, HPH-CNFs and HPH-TP is of interest for application
in processed foods as well as during gastrointestinal digestion [34]. The
stability of emulsions stored at 4 °C for 28 d at different pH values (2.0, 7.0,
and 12.0) was evaluated upon centrifugation (3,500 rpm for 10 and 20 min) in
terms of changes in microstructure (Figure V.7).

In Figure V.7, the red, yellow, and dark regions represent oil droplets,
cellulose, and water, respectively. The oil phase is always completely
encapsulated by water inside the emulsions in the form of spherical droplets.
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Large oil droplets for all emulsions were observed under acidic conditions
(pH = 2.0), thus indicating substantial droplet aggregation and low emulsion
stability across this pH range [35].

During the storage period, creaming (dense layer floating on the top) and/or
sedimentation (pellet layer at the bottom) occur for emulsions stabilized with
BM30-CNFs and BM60-CNFs, as a consequence of gravitational separation.
This observation indicates the poor stability of these emulsions, which is
particularly evident at low pH, where a clear serum is formed. Moreover, some
oiling off is also observed, suggesting the occurrence of coalescence
phenomena.

When compared with the emulsion stabilized by BM-treated cellulose,
HPH-CNFs, and HPH-TP provided better coverage of the oil droplets' surface,
thus increasing the dimensional resistance among droplets, which reduced
coalescence of the droplets also by changing the pH environmental factor (no
oiling off observed after 28 d or centrifugation). In particular, for HPH-CNFs
no creaming nor sedimentation was observed during storage, suggesting the
high stabilization efficiency of the resulting emulsion at all tested pH values.
In the case of HPH-TP, clear serum appeared at the bottom already from day
0, with some evidence of sedimentation only at pH = 2. In general, HPH-
treated systems produced more stable emulsions than BM-treated cellulose.
However, in the case of tomato pomace, a higher solid content is likely
necessary to compensate for the fact that cellulose is only a fraction of the
overall solids (about 37% on dry matter), and, therefore, lower emulsification
ability is recorded.
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Figure V.7 Fluorescence microsoy and visual mages of emulsions
stabilized by cellulose and tomato pomace subjected to different mechanical
treatments over 28 d of storage at 4 °C at different pH values.

The change of emulsion rheological properties over time provides
important pieces of information for interpreting storage stability, as the
increase of viscosity could retard droplets movement and delay the creaming
process [36]. Table V.3 shows that the viscosity of all emulsions is lower in
acidic conditions, which may be due to the weak viscoelasticity of the
interfacial layer.
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Moreover, the viscosity of all emulsions decreased with increasing storage
time. Only HPH-CNFs stabilized emulsion is not significantly affected by the
storage; this effect could be ascribed to the stronger interaction between
molecules presented. HPH-CNFs and HPH-TP exhibited the highest viscosity
among all the emulsions, regardless of the storage and pH conditions. Based
on the aforementioned discussion about the microstructure analysis, the
enhanced viscosity was beneficial to increase the stability of emulsions
stabilized with HPH-CNFs and HPH-TP, with better resistance to droplet
aggregation over the entire storage and centrifugal forces.

Table V.3 Viscosity values for each emulsion as a function of storage period
and pH environmental conditions.

Viscosity (Pa-s)

pH=2.0

BM30-CNFs BM60- CNFs HPH- CNFs HPH-TP
Storage period 0 0.032+£0.001°  0.023+£0.001° 14.820+0.940*° 1.548+0.214°
(day) 28 0.024£0.001°  0.015+0.002*  14.293 +0.446°  1.337 +0.068"
Centrifugation 10 min 0.023+£0.003°  0.018+£0.002*  14.502+0.314* 1.261+0.017°
at 3,500 rpm 20 min 0.019£0.001*  0.015+0.003*  14.404 +0.142*  0.836 + 0.066"
pH=70 Viscosity (Pa-s)

) BM30- CNFs BM60- CNFs HPH- CNFs HPH-TP
Storage period 0 0.381+£0.006  0.069+0.002° 21.138+0.889*  1.015+0.148°
(day) 28 0.182+£0.009°  0.049+0.001° 20.053+0.487* 0.819+0.014®
Centrifugation 10 min 0.157£0.002°  0.026 £ 0.006°  18.623 +£1.743*  0.747+0.071°
at 3,500 rpm 20 min 0.138+£0.002*  0.018 £0.003*  17.733 +£2.020°  0.739 + 0.144*
pH =120 Viscosity (Pa-s)

BM30- CNFs BM60- CNFs HPH- CNFs HPH-TP
Storage period 0 0.043+£0.001°  0.029+0.002°  6.858 + 0.104° 0.615+0.034°
(day) 28 0.025+0.001°  0.019+£0.001>  4.902 + 1.434* 0.309 +0.021%
Centrifugation 10 min 0.020 £0.002*  0.020+0.001°*  4.333 +0.305" 0.203 £0.023*
at 3,500 rpm 20 min 0.018+£0.002*  0.015+0.002*  4.334 +0.298" 0.129 £ 0.064*

The letters indicate significant differences (p < 0.05) for the same sample during the storage period (n =

3).

Therefore, HPH-CNFs emulsion with higher viscosity prevents
mobilization of the continuous phase between the oil droplets, resulting in a
more stable emulsion. Additionally, microscopic inspections were carried out
to evaluate the stability of the prepared emulsions by observing their ability to
resist physical changes under pH environmental factors after centrifugation at
35,000 rpm for 10 and 20 min. As seen from Figure V.8, the oil in water
emulsions prepared with all particles showed phase separation under acid
conditions. However, emulsions stabilized with HPH-CNFs and HPH-TP
allowed for increased oil droplet stabilization.
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Figure V.8 Fluorescence micrographs of emulsion stabilized with BM30-
CNFs, BM60-CNFs, HPH-CNFs, and HPH-TP under different pH values
during storage period at 4 °C.
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V.1.4. Conclusions

This section investigated the influence of different NCs on the stabilization
of O/W Pickering emulsions. TEMPO-mediated oxidation at different
processing time and catalyst concentration is applied on softwood kraft pulp
Celeste 85 to obtain CNCs-C85 and CNFs-C85, meanwhile BM for 30 and 60
min and HPH were the mechanical treatment investigated to obtain CNFs
from Commercial cellulose Arbocel®. The results show that the obtained
CNCs-C85, with a needle-like structure of ~3 nm in thickness and ~170 nm
in length, and CNFs-C85, characterized by a fibrous structure of ~10 nm in
thickness and a few micrometers in length, were both able to stabilize 5 wt%
sunflower oil-based Pickering emulsions at a dosage of 0.5% wt. Despite the
significant morphological differences, CNCs-C85 and CNFs-C85 contribute
to forming an interconnected network structure of the emulsion droplets,
promoting their efficient steric and electrostatic stabilization. In addition, also
HPH-CNFs, characterized by fibril bundles with a length in the range of ~10—
100 um and irregular width, exhibited higher mobility and flexibility at the
oil-water interface, resulting in an efficient emulsifying ability at different pH
values, with the fibrils wrapping around the oil droplets for their stabilization.
On the contrary, despite BM-CNFs showed a fine and uniform size
distribution, the resulting emulsions exhibited oil droplets not completely
covered by cellulose fibrils, and, therefore, significantly lower stability. The
hypothesis that the higher stability of emulsions stabilized by HPH-treated
cellulose is due to the entanglement of fibrils around the droplets to form a 3D
network was supported by viscosity measurements: with HPH-CNFs and
HPH-TP emulsions exhibiting significantly higher viscosity than other
emulsions. The present results, hence, provide specific and relevant outcomes
about how tailoring the properties of the nanostructured cellulose during
fabrication may represent a simple strategy to affect the behavior and stability
of Pickering emulsions. More specifically, CNCs-C85 and BM-CNFs can be
exploited in the stabilization of emulsions for low-viscosity applications, such
as drinks and beverages, due to the finer attainable emulsion size and span
values. In contrast, HPH-CNFs and HPH-TP could be exploited in creams,
sauces and dressings, due to the higher apparent viscosity and stronger 3D-
network formed by entangled fibers.
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Section V.2
NCs capillary suspensions for oil
structuring

Part of results of this section have been published or are currently under review in scientific journals:

e Pirozzi, A., Donsi, F. (2023). Structuring vegetable oils through the formation of capillary suspensions:
comparison of wheat middlings and pure cellulose processed by high-pressure homogenization,
Chemical Engineering Transactions, Under review.

e Pirozzi, A., Posocco, A., Ferrari, G., Donsi, F. (2023). Oil structuring through capillary suspension
prepared with wheat middlings agri-food residues, Under submission.

Oleogels have been proposed as suitable systems for replacing unhealthy
saturated fats in food preparations. This section aimed at structuring sunflower
oil through capillary suspensions using solid fraction wheat middlings (WM),
a residue of the wheat milling process, as structurant. For the first time, high-
pressure homogenization (HPH) was applied directly on the WM-in-oil-
dispersion to reduce the particle size dimensions, induce fiber activation and
release the high value-added intracellular compounds into sunflower
vegetable oil. The optimized formulation of WM-in-oil-dispersion was then
used in the preparation of capillary suspension, through the addition of water
as a secondary immiscible fluid. Water addition drastically altered the
rheological behavior and the strength of the oil suspensions due to the
establishing capillary forces and the percolating particle network formation.
The strength of the capillary bridges resulted to depend on the particle size of
the WM, the surface properties of the solid particles, and the fraction of added
water (ranging between 5 and 80% w/w with respect to the oil). The oil
dispersion at 30% w/w of WM solid fraction treated by HPH (80 MPa for 10
min) with the addition of 50% w/w of water exhibited apparent yield stress >
300 Pa, corresponding to a gel-like behavior. These results highlight that the
obtained oleocolloids are a very promising material for the formulation of
healthier and more sustainable food products as an alternative for solid fats
with many potential applications based on (i) the reduction of the overall
caloric content; (ii) the addition of benefits related to dietary fibers of AFRs;
and (iii) the oil stability against oxidation related to antioxidant bioactive
compounds.
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V.2.1. Specific goal and work plan

Low-fat products currently represent a relevant trend in food science, to
support healthier eating with a familiar mouthfeel, but without penalizing
taste. Several studies showed correlation between saturated fat consumption
and the increase of Low Density Lipoprotein (LDL) cholesterol and
Apolipoprotein B (ApoB protein) [37], which are considered the main heart
disease risk factor [38]. Vegetable oil structuring methods have recently
emerged as a promising strategy for reducing or replacing unhealthy (or
negatively perceived by consumers) fats in food products [39]. The main
requirement for the texture of food products prepared with fat replaces is
mimicking regular/full-fat products, to gain consumers’ acceptance [40]. For
example, emulsions with adequate droplet size distribution, are reported to
contribute to reproducing mouthfeel and stability of full-fat products. In
particular, a widely studied pathway for fat replacement is based on the use of
particle-stabilized Pickering emulsions [41-—43], whose droplets cluster
together forming spherical agglomerates that maintain excellent stability over
time regardless of the external environmental stimuli [14]. Recently, it was
determined that adding a small amount of a secondary immiscible fluid in the
continuous phase of particle suspensions can create a sample-spanning
particle network [44,45]. This phenomenon can be attributed to the capillary
bridge forces of the two fluids on the solid particles, causing particle
agglomeration and, if the mass fraction of solids is sufficient, the formation of
a network of particles within the bulk fluid [46]. In this case, the rheological
properties of the ternary solid-liquid-liquid systems are dramatically altered
by the transition from a fluid-like to a gel-like state (from a weak to a strong
gel) [44,46,47]. The transition in the suspension is associated with two distinct
states: the pendular state, where the secondary (or minority) fluid
preferentially wets the particles, because of higher affinity than the primary
fluid, and the capillary state, where the secondary fluid wets the particles less
well than the primary fluid [44]. Both the capillary state and pendular state are
controlled by the capillary forces and are strongly influenced by changes in
the amount of secondary fluid, the material properties, as well as interfacial
and wetting properties of the ternary system [48]. For all these reasons,
capillary suspensions represent a potential alternative route for the
formulation of novel structured food products [49] with vegetable oils, with
the additional advantage of reducing the caloric content, because part of the
fats is replaced by a secondary fluid, such as water, and solid particles, such
as fibrous materials. In this scenario, different agri-food residues (AFRs), such
as tomato peels and spent coffee grounds [45], and different fractions of
yellow peas processing [50], have shown an excellent ability to structure
vegetable oils [51], through the addition of a small amount of a secondary
immiscible fluid.
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This work aimed at addressing the use of wheat middlings (WM), rich in
fibers, as a sunflower oil-structuring material for obtaining gel-like products
without the use of unhealthy fats or undesired additives, but only water as
secondary fluid (Figure V.9). The WM is a by-product of wheat milling,
consisting of finer particles of endosperm, typically used as animal feed,
because they provide a source of energy, amino acids, and phosphorus [52—
54]. More specifically, this study aims to elucidate the mechanism of network
formation of WM particles when micronized using HPH, as well as their
possible contribution in slowing down lipid oxidation.

V.2.2. Specific material and methods

Wheat middlings (WM)
agri-food residues

| High-shear High-pressure - _'iFi
mixing homogenization |

Processability

Capillary suspension

Figure V.9 Schematic representation of methodology used for oleocolloid
preparation stabilized by WM residues.
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V.2.2.1. Materials

The wheat middlings (WM), collected from a local milling industry
(Molini Giardullo Di Giardullo Silvia E C. S.n.c., Albanella (SA), Italy), as
described in detail in section § III.1, were packed in vacuum-sealed flexible
pouches (multilayer packaging OPP30-A19-LDPE70, Di Mauro Officine
Grafiche S.p.A., Cava de' Tirreni (SA), Italy) and stored at room temperature
until used. The moisture content of WM was 11.54 + 0.10%.

Sunflower oil was purchased from a local market (Olio di Semi di Girasole
Basso, San Michele di Serino (AV), Italy). Its composition (on weight basis)
comprises 10.3% wt of saturated fatty acids, 19.5 wt% of monounsaturated
fatty acids, and 65.7 wt% of polyunsaturated fatty acids.

All reagents were of analytical grade unless otherwise stated. Micro-pure
deionized water was used throughout the experiments.

V.2.2.2. Preparation of wheat middlings-in-oil dispersion by
mechanical treatments

WM particles were dispersed in sunflower oil at a solid mass fraction (¢,
defined as the ratio of the solid weight to the total sample weight) ranging
between 5 and 30 wt%, using a high-shear mixer (HSM) (Ultra Turrax T25,
IKA Labortechnik, Germany) at 20,000 rpm (50,176 g centrifugal force
equivalent) for 5 min within an ice bath. The obtained suspensions were then
subjected to HPH treatment at 80 MPa for 10 min at a flow rate of 22 mL/s
using an in-house developed system equipped with a 200 pm diameter orifice
valve (model WS1973, Maximator JET GmbH, Schweinfurt, Germany) and a
tube-in-tube heat exchanger, to avoid the increase in product temperature,
using cooling water at 10 °C. The abbreviation used was HSM-O-5, which
refers to the mechanical treatment applied on the continuous phase at certain
solid fraction.

V.2.2.3. Characterization of oil dispersions

The particle size distribution of the samples micronized by HSM or HPH
was measured by laser diffraction using a Malvern Mastersizer 2000 (Malvern
Instruments Ltd., UK). The oil phase of WM-in-oil dispersions was
substituted by water by washing three times the suspensions with saponin
from quillaja bark (Sigma-Aldrich, St. Louis, MO, USA) at 0.5 wt% in water,
followed by centrifugation at a centrifugal force of 5,300 g. From the particle
size distribution, the diameters corresponding to the 10", 50" and 90"
percentile of the cumulative distribution (d(0.1), d(0.5) and d(0.9),
respectively), the volume-based mean diameter (D[4,3]), and the surface-
based mean diameter (D[3,2]) were calculated, as previously described §
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I11.7.3.5. The temperature of the cell was maintained at 25 + 0.5 °C, and the
mean value of three replicates was determined.

The hydration and oil binding properties of WM particles are related to
their chemical structure and particle size [55]. The particle swelling was
determined according to a previously reported method [50]. Briefly, WM was
dispersed in distilled water at two different concentrations (5 and 7 wt%) and
allowed to swell overnight under continuous stirring at 20 °C. Then, 2 g of
each aqueous dispersion was centrifuged for 30 min at 25 °C and 1,626 g force
equivalent and, after removing the supernatant, the pellet was weighed. The
maximum amount of water absorbed per g of WM (W Anax) was calculated as
the average of each WM concentration used (determined in triplicate):

53 Pwater = 5C (V.7)
WA (gwater> _ i=1 SC
max gWM 3
where Pyaer; is the weight of pellet after centrifuging of each WM

concentration dispersed in water and SC is the solid content of the sample.
The water absorption capacity (WAC) is the capacity of middlings
particles to absorb water when dispersed in water, expressed as:
wc V.8
100- () (V-8)
WAmax
where WC is the water content (g).

When WAC is lower than 100%, the solid content is exposed to less water
than its maximum absorption capacity (corresponding to 100%); whilst for
WAC higher to 100% the particles have adsorbed excess water.

The same procedure was carried out to calculate oil holding capacity
(OAC).

WAC =

g 3 Poui —SC (V.9)
: =1 SC
0A ( 011) — l
max gWM 3
100-(2) (V.10)
04AC =——5¢/
OAmax

where OAnmax is the maximum oil absorption calculated and Py is the weight
of pellet after centrifuging the dispersion of particles in oil.

The structure of capillary suspensions and their strength depends on the
particle size distribution, as well as on the interfacial tension between the
fluids [56] and the wetting properties of both liquids, which are all taken into
account by the three-phase contact angle measurement [48]. The three-phase
contact angle was measured for HSM-0O-5 and HPH-O-5 with the sessile drop
method, as previously described [49], using a contact angle meter (CAM 200,
KSV Instruments Ltd., Helsinki, Finland). Each dispersion was placed in a
quartz cuvette and left for 24 h at room temperature to allow separation by the
gravity of the solid particles from the oil phase. Subsequently, the secondary
fluid (distilled water) was placed in a 500 pL syringe (Hamilton Company,
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Bonaduz, Switzerland) with a 0.72 mm diameter stainless steel needle, to form
a drop of about 2 uL in the cuvette filled with the oil phase for two-third of its
volume and with the solid particles onto the bottom. Drop formation triggered
the activation of a camera, which recorded the shape of the drop once
deposited on the particle layer for 100 s at 1 s time intervals. An image
analyzer software (CAM 101, KSV Instruments Ltd., Helsinki, Finland) was
used to measure the angle formed between the surface in contact with the drop,
and the tangent to the drop of liquid at the point of contact with the surface,
on both sides of the image. For each drop formed, values of the contact angles
were averaged over time and side. Measurements were repeated five times for
each sample. Results are expressed as an average of the values during the 100
.

V.2.2.4. Preparation of capillary suspensions

The capillary suspensions were obtained by adding dropwise distilled
water as a secondary fluid at saturation ratio S (Equation V.11) comprised
between 0.05 and 0.70 to the HPH-treated WM-in-oil dispersions at constant
particle volumetric fraction ¢ = 30% w/w (HPH-O-5) under HSM at 20,000
rpm for 10 min within an ice bath [56].

g = Vwater (V.11)
Voil + Vwat:er

V.2.2.5. Characterization of capillary suspensions

The morphology of oil dispersions and capillary suspensions was observed
with an optical microscope (Nikon Eclipse TE 2000S, Nikon instruments
Europe B.V., Amsterdam, The Netherlands), coupled to a DS Camera Control
Unit (DS-5M-L1, Nikon Instruments Europe B.V, Amsterdam, The
Netherlands) for image acquisition and analysis, as described in § 111.7.3.4.1.

Rheological measurements were performed in a rotational rheometer (AR
2000 rheometer, TA instruments, Newcastle, DE, USA), equipped with a
concentric cylinder (15 mm stator inner diameter, 28 mm rotor outer diameter,
42 mm cylinder immersed height, 2° cone angle) and plate-cone geometry (40
mm diameter, 2° cone angle and 1 mm fixed gap width) based on the sample
to be analyzed. The apparent yield stress, i.e. the stress at which the sample
begins to flow irreversibly, was evaluated using a shear rate ramping. More in
detail it was found by the intercept point between the y-axis and a tangent line
into the stress vs. shear rate curve at the point where the curve slope does not
significantly change as the shear rate increases. Flow curves were obtained by
continuously varying the shear rate from 0.1 s™ up to a rate of 200 s at 20 °C.
Measurements were repeated five times on two independently prepared
samples, and are reported as means + standard deviations for apparent yield
stress.

264



Advanced and innovative applications

V.2.2.6. Accelerated oxidation stability test

The primary oxidation compounds analysis is always carried out by the
peroxide value (PV) to assess the quality of oil at its stability. For the Schaal
oven, accelerated stability test approximately 1 g of each sample was put in
vials and stored in an oven at 65 + 2 °C in absence of light after 15-days of
storage [57]. The PV value was determined iodometrically (visually) with a
starch indicator and a sodium thiosulfate standard solution according to ISO
3960:2007 (International Organization for Standardization).

V.2.2.7. Statistical analysis

All experiments and analysis were performed in triplicate on independently
prepared samples, otherwise specified, and the mean and standard deviation
(SD) of the experimental values were calculated. Statistically significant
differences (p < 0.05) among the mean values were assessed by one-way
ANOVA and the Tukey's test (p < 0.05), using statistical software SPSS
(version 20, SPSS Inc., Chicago, IL, USA).

V.2.3. Results and discussion
V.2.3.1. Water and oil holding capacities

Water and oil holding capacities describe the ability of solid particles to
adsorb and retain bound, hydrodynamic, capillary, and physically entrapped
water and oil, respectively [58]. WM particles are very rich in starch and fiber,
especially cellulose, which positively influences water adsorption, whereas
the presence of natural oil, wax, and fat hinders water molecules from
penetrating inside the fiber [59]. The maximum water adsorption of WM is
about 4.5 £ 0.3 gwaer/gwmM, suggesting that water fills the void space of the WM
anisotropic particles, which is important, as high water penetration was
reported to play a significant role in the structuring of capillary suspension in
starch particles [49]. Moreover, the solid particles with high water holding
capacity can be used as functional ingredients to avoid synaeresis and to
modify the viscosity and texture of different formulated foods [60]. The
maximum WM oil absorption is about 2.8 + 0.9 gui/gwm, reaching only half
of the value of maximum water adsorption.

The water and oil holding capacities (WAC and OAC, Equations V.8 and
V.10) represent the ability of a material to retain water and oil, respectively,
after centrifugation. In general, the ability of a material to adsorb water is
strictly correlated to its dietary fiber content. The hydration properties of
dietary fibers, in turn, are related to the chemical structure of the component
polysaccharides, and other factors such as porosity, particle size, ionic form,
pH, temperature, ionic strength, type of ions in solution and stresses upon
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fibers [61]. WM particles are characterized by a high level of fibers, which
leads to the higher values of maximum adsorbed water. OAnm.x instead, is
closely associated with the chemical structure of the plant polysaccharides and
depends on surface properties, overall charge density, particle size, the
insoluble fiber contents, and the hydrophobic nature of the fiber particles [62].
The micronization process by HPH treatment altered the physical structure of
WM due to the fluido-mechanical stresses that occur during the treatment,
and, therefore, also the water and oil holding capacity, which is generally
related to its structure, density, and the nature and number of water and oil-
binding sites, respectively. It could then be expected that the size reduction
caused by the HPH treatment increases the surface area and expose more water
binding sites (polar groups or uronic acid groups) to the surrounding water
[63], leading to increase the WAmax [64]. Nevertheless, results (Figure V.10)
suggest that the fluid-mechanical stresses that occur during HPH treatment
induced the collapse of WM fiber matrix and pores, hence negatively affecting
the hydration properties of the materials. In fact, HPH treatment increased the
exposure of hydrophobic groups of WM and the mutual attraction of fibers;
consequently, as shown in Figure V.10 the W Aax of HPH-treated sample was
lower than for the untreated one. Additionally, in the case of oil holding
capability, HPH treatment does not influence the physical entrapment of oil.
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Figure V.10 Water (WAma) and oil holding capacity (OAma) of untreated and
HPH-treated WM. Asterisk represents significant differences at p < 0.05.

V.2.3.2. Wheat middlings-in-oil-dispersions

Particle size and shape are crucial factors in dictating the rheological
properties of oil dispersions [65]. Remarkably, the particle size distribution of
WDM-in-oil-dispersion at 5 wt% is slightly different from the one recorded for
water-dispersion at the same particle mass fraction (see § IV.1.3.3). This can
be due to the procedure used for particle size analysis of oil dispersions, which
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required the removal of the oil by washing three times the sample with
distilled water and surfactant. However, it is also likely that the different
affinity of WM for water and oil as demonstrated by the values of water and
oil holding capability, may have influenced the effect of the HPH process on
particle disruption [66]. More specifically, when WM particles are processed
in water, a greater effect on particle size reduction by HPH process was
achieved (Figure V.11) because of the larger volume of particles when wetted
with water, deriving by the better WM water-absorbing ability than oil.
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Figure V.11 Particle size distribution of WM-in-oil-dispersions treated with
(a) HSM and (b) HPH at different particle mass fractions.
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Because of the relevant role on size distribution of the sample preparation
procedure, the particle size distribution for WM-in-oil-dispersions treated by
HSM and HPH, shown in Figure V.1la and V.11b respectively, have,
therefore, be considered only as qualitative analysis, which gives information
on the effect of the two different mechanical treatments on oil dispersions.
The WM-based oil dispersions produced through HPH exhibited a narrower
and more homogeneous distribution than HSM-treated samples for all particle
mass fractions tested, with a reduction of about 14%, 68% and 71% for the
10™, 50™ and 90™ percentile of the cumulative distribution, respectively. The
HSM-treated WM-in-oil-dispersions exhibited a bimodal distribution with a
peak at about 450 um and a broader shoulder at a smaller size of about 20 um
(Figure V.11a). In contrast, the particle size distribution of the HPH-treated
WDM-in-oil-dispersions displayed a dominant size at about 20 um with only a
minor shoulder at a larger size, suggesting that also in oil the WM particles
were broken down by the HPH treatment into cell wall fragments, cellular
material, fiber particles and polymers.

The capability of WM particles to structure the oil phase was preliminarily
assessed through visual observations (Figure V.12) immediately after the
HPH treatment and after leaving the oil dispersions at room temperature for
24 h and 48 h.

5% 15% 20% 25% 30%

=24h

t

=48 h

t

Figure V.12 Pictures of the different WM-in-oil-dispersions prepared by
HPH treatment, after 0, 24, and 48 h.
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WM-in-oil-dispersions displayed a different sedimentation degree, which
depended on the particle mass fraction, as shown in Figure V.12. At 5 wt%,
the majority of the solid particles settled at the bottom of the vials already after
24 h. When increasing the particle mass fraction, the sedimentation
phenomenon required longer times, due to the strong interparticle interactions
occurring. At ¢ =30 wt% of WM particles the oil dispersion displayed a very
homogeneous, paste-like appearance, indicating that the continuous oil phase
is able to lubricate the particles.

Samples with higher particle concentrations are more kinetically stable,
because, as highlighted by the micrographs in Figure V.13, the particles are
tightly packed together, forming a particle network more resistant to
sedimentation.
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Figure V.13 Optical micrographs at 10xmagnification for HPH treated WM-
in oil-dispersions at different mass fractions.
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Figure V.13 clearly shows the differences between 5 and 15 wt% particle
mass fraction, where at 5 wt% particle interaction leads to well-separated
aggregates, whereas at 15 wt%, a network structure is developed. Such
network apparently becomes stronger when increasing the particle fraction, as
suggested by the rheological properties of WM-oil-dispersions, shown in
Figure V.14.
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Figure V.14 Flow curves for HPH treated WM-in-oil-dispersions at different
particle mass fractions §.

The results of the shear-controlled tests (Figure V.14) show that the flow
curves of WM-in-oil-dispersions are characterized by an increase in viscosity
n, as a function of the particle mass fraction. More specifically, the fluid
curves shape shows a transition from Newtonian behavior, with the viscosity
being independent on shear rate, to a non-Newtonian shear-thinning response,
where the viscosity decreases with an increase in shear rate. The shear-
thinning behavior can be related to the breakage of the aggregates, to the
change in the shape of particles and the particle orientation in the flow
direction, as it has been observed also for pea fiber dispersions in oil [50]. This
behavior could be fitted by the power-law model (Equation V.2). For all WM-
in-oil-dispersions, the power-law index is greater than or equal to 0 indicating
that the fluid is shear-thickening and the severity of shear-thinning behavior
increases with the increase in ¢, as shown by the parameters reported in Table
V4.
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Table V.4 Fitting parameters and coefficients of determination for the fitting
of the data of Figure V.14, using Equation V.2.
K

n R? Adj-R?
6=5% 0.06 1.00 n.a. n.a.
¢=15% 0.08 1.05 0.7517 0.7399
¢ =20% 0.11 1.13 0.9698 0.9684
0=25% 0.19 1.36 0.9834 0.9826
¢ =30% 0.25 1.46 0.9848 0.9840

n.a.: not available because the HPH-O- 1 curve is not adequately fitted by a power-law model

To better understand the characteristics of the materials under examination,
the apparent yield stress as a function of the solid mass fraction has been
determined (Figure V.15) as previous reported in Mustafa et al. 2018 [45]
using the continuous shear stress or shear rate ramp, from low to high stress
or rate.
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Figure V.15 Apparent yield stress for WM-in-oil-dispersions as a _function of
solid mass fractions. Different letters denote statistically significant (p < 0.05)
differences.

The yield stress is an important characteristic of structured fluids because
it provides an indication of the gel stability. Higher apparent yield stress for
mass fraction of 25 and 30 wt% of WM in oil respectively suggest a more
compact structure, which prevents the material to undergo phase separation,
sedimentation or aggregation, because of stronger particle-particle
interactions and the formation of strong particle network. In conclusion, the
results of Figure V.15 suggest that the structuring of oil suspensions could be
achieved when the mass fraction of WM is higher than 20 wt%.
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V.2.3.3. Wheat middlings-in-oil-dispersions in the presence of water

To addition of a secondary fluid with high affinity for the solid particles,
such as water, can be expected to drastically affect the gel structure. To check
the interactions of the HSM- and HPH-treated WM particles with the
secondary fluid in the presence of oil as a continuous phase, the three-phase
contact angles (Figure V.16) were measured.
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Figure V.16 Contact angle curves for HSM (——) and HPH (-0—) treated
WM-in-oil-dispersions at ¢ = 30 wt% of particle mass fraction. Each curve is
the average of three measurements.

The three-phase contact angle curves recorded over 60 s were fitted with
an exponential decay equation (Equation II1.12), and the fitting parameters are
reported in Table V.5.

Table V.5 Three-phase contact angle parameters of the WDM-in-oil-
dispersions (¢ = 30% w/w) treated by HSM and HPH.

HSM-0-30 HPH-0O-30
Yo 132.18° 124.83°
Yoo 51.12° 82.50°
T 4.87s 2.10s
R? 0.9936 0.9868
Adj-R? 0.9873 0.9738
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In general, the contact angle y is a quantitative measure of the wetting
capability of a solid by a liquid: y < 90° indicates that the liquid wets well the
solid, y = 90° indicates that the liquid spreads on the solid surface, and y > 90°
represents a non-wetting condition. As expected, WM particles are
characterized by a three-phase contact angle with oil and water lower than 90°,
in agreement with the hydrophilic nature of the organic polymeric chains
constituting WM; therefore, it can be desumed that WM dispersions in oil are
arranged in a pendular state upon water addition. The three-phase contact
angle for HSM-treated WM particles decreased from an initial value of 132.2°
to an asymptotic value of 51.1°, following an exponential decay trend
(Equation III.12). In contrast, the contact angle for HPH-treated WM particles
tended toward an asymptotic value of 90°. The observed differences can be
attributed to the different mechanical treatments applied to WM-in-oil-
dispersions. It is possible that HPH treatment caused an increase in porosity
and, therefore, the oil, in which WM is dispersed, could have interacted with
the hydrophobic parts of the particles, leading to their partial saturation [67].
On the contrary, porous effects were less enhanced for HSM-treated systems.
In any case, this different behavior apparently did not negatively influence the
water-binding ability of HPH-treated WM particles.

V.2.3.4. Capillary suspensions characterization

The addition of water as a secondary fluid into HPH-O-30 (WM-in-oil-
dispersion at ¢ = 0.30 treated with HPH) was exploited to promote to form
capillary suspensions, through the formation of capillary bridges and the
development of a 3D network.

The formation of a capillary network is observed when a secondary fluid
(e.g. water) is added to a particle suspension in an immiscible fluid (e.g. oil),
where the particle surface exhibit affinity for the secondary fluid (e.g.
prevalently hydrophilic nature of the particle surface). The formation of a
capillary suspension is accompanied by the transition from a fluid-like to a
gel-like behavior, with higher consistency and firmness as the saturation ratio
S increases, as shown in Figure V.17.

(a)
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Figure V.17 Visual and microscopic lmages of HPH suspenszons prepared
from HPH-O-30 at varying water addition: (a) S=0.00; (b) S=0.05; (c)
S=0.15; (d) S=0.30; (e) S=0.40; (f) S=0.50; (g) S=0.60; (h) S=0.70.

(h)

The sample at S = 0.05 displayed a very weak gel-like behavior, similar to
the HPH-O-30 sample (S = 0.00). Also, the micrographs for these two samples
are very similar to each other (Figures V.17a and V.17b), where no
interconnected water-rich aggregates can be observed. As water addition
increased, small water-rich aggregates, indicated by the enlarged dark area in
the microscopic images, were obtained. For even higher water addition (S >
0.50), a very compact homogeneous structure was obtained, where water acted
as a ligand for particle cluster formation. The size of the formed clusters is in
many cases greater than 100 pm and they can entrap the oil phase, forming a
homogeneous gel. For S = 0.50, the water absorbed is close to 60% of the
WAC value, which means that the system is getting close to phase inversion.
The WM-in-oil-dispersions with S > 0.50 exhibited the formation of oil
droplets in the aqueous phase, suggesting the occurrence of phase inversion
(Figures V.17g and V.17h). This effect was previously reported by Calabrese
et al. 2021, where oil-in-water emulsion droplets were observed for S = 0.40
[50]. Overall, the augmented gel-like behavior and the formation of capillary
bridges' network upon water addition, strongly suggest that capillary forces
control the rheological behavior of the ternary blend [50].

The rheological behavior of the capillary suspensions is reported in Figure
V.18. Coherently with the micrographs of Figure V.17, the flow curves of
Figure V.18 demonstrate the formation of a capillary network structure,
becoming stronger when increasing the S up to 50%, which can be explained
by the formation of swollen aggregates interconnect via a 3D network.
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Figure V.18 Flow curves for HPH-treated WM-in-oil-dispersions at ¢ = 30%
w/w as a function of saturation degree.

In comparison with the black curve, representing the oil dispersion without
water addition, and characterized by lower viscosity values than all the other
samples, the addition of water caused a measurable and significant viscosity
increase. All samples showed a shear-thinning behavior, which was more
pronounced for S = 0.50, when the majority of added water led to the bridge
network formation. This state, which is called funicular [68], is typically
disrupted at higher shear rate, as shown in Figure V.18. Being WM particles
preferentially wetted by water, particle swelling and the capillary forces
between neighboring particles are expected to play a dominant role in the
rheological behavior of the mixtures [46]. The capillary suspension at S =0.30
exhibited a high value of viscosity at low shear rate, followed by a rapid
decrease when shear rate increased, even at values lower than the sample with
S = 0.15. This behavior could be explained by looking at the image in Figure
V.17d: the sample shows high inhomogeneity, which can be associated with
the formation of a pendular state, where the formed bridges are strong enough
to increase viscosity but not enough to form a strong network that does not
break during the test. Similar behavior has been found for the sample with a
saturation ratio S = 0.40.

Each capillary suspension was also characterized by measuring the
apparent yield stress, as shown in Figure V.19, displayed as a function of
saturation ratio.
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Figure V.19 Apparent yield stress for WM-in-oil-dispersions at ¢ = 30% w/w
as a function of saturation degree. Different letters denote statistically
significant (p < 0.05) differences. On the top, the visual image of capillary
suspension at S = 0.50.

The addition of water changed dramatically the propriety of the
suspension, as shown by the apparent yield stress, which increased
progressively with the water content due to the increase of the network
strength, up to a maximum value reached at S = 0.50. At higher S values, the
apparent yield stress dropped, suggesting the occurrence of phase inversion.
Remarkably, the apparent yield stress at S = 0.50 was three orders of
magnitude higher than the particle in oil dispersion (S = 0.00). This value
corresponds to the peak yield stress, denoting the creation of a network in
which water acts as a bridge between the particles forming the so-called
capillary bridges, which are much stronger with respect to the Van Der Waals
forces that act in a simple suspension [46]. The results deal with other works,
in which capillary suspension exhibits an increase in the yield stress with
increasing amounts of added secondary fluid [45,50], until the maximum yield
stress is achieved with 0.50 of saturation ratio.

277



Chapter V

V.2.3.5. Oxidative stability of capillary suspensions

The 15-day period of storage in the accelerated Schaal oven test conditions
(65 °C) correspond to 15 equivalent months at room temperature. A
remarkable increase in peroxide values, which are the indicator of primary
lipid oxidation, was noticed in pure sunflower oil. In contrast, WM-based
capillary suspensions ensured the lowest PV in the oil, demonstrating that the
proposed approach not only does not suffer the presence of water, but
significantly improves the oxidation stability with respect to the pure oil due
to the phenolic bioactive compounds with high antioxidant activity, contained
in the WM particles (Figure V.20).

80 -
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PV (mEg/kgoil)
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20 A

Sunflower ail S=0.05 S =0.50

Figure V.20 PV of capillary suspensions after a 15-day storage period at 65
°C.

V.2.4. Conclusions

This section showed for the first time that wheat middlings AFRs can be
valorized and exploited in sunflower oil structuring. Additionally, this work
also demonstrated that the HPH mechanical treatment (80 MPa for 10 min)
can be applied to the wheat middling particles directly in oil, to efficiently
cause particle break-up, and, at the same time, to induce the activation of
fibers, which is important in the formation of capillary bridges and a three-
dimensional network, to regulate the apparent viscosity and yield stress of the
capillary suspension, when water as secondary fluid is added.
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Therefore, oil structuring with wheat middling treated by HPH approach
offers many advantages in comparison with more conventional approaches
based on oleogelation, namely: (i) a facile and versatile process, based only
on physical processing, without the addition of undesired ingredients to the
formulation (e.g. gelators); (i) the replacement of part of the oil with the
fibrous material and water, hence developing a more sustainable and health-
beneficial oleogels in replacement of solid fats reducing the caloric intake,
while ensuring the desired mouthfeel, as the oil will still constitute the
continuous phase; (iii) the delivery of bioactive molecules, associated with the
fibours particles from AFRs still rich in valuable compounds with an
antioxidant, which effect on the decrease of oil oxidaion and on health-
beneficial effects also on consumers; and (iv) the high transferability of the
proposed approach, enabling to tune color, flavor, and taste of the structured
oil, depending on the desired application. Further studies need to be addressed
to further explore the application of these oleogels in spreads, creams, fillings
or baking applications to evaluate the quality of these new products in terms
of (i) texture of new low-fat food products in mimic regular full-fat products;
(i1) in vitro digestion; (iii) microbial stability; and (iv) organoleptic properties.
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Section V.3
NCs-based aerogels for the
removal of pollutants from

wastewater

Part of results of this section have been published or are currently under review in scientific journals:

e Pirozzi, A., Rincén Rubio, E., Donsi, F., Serrano, L., Espinosa Victor, E. (2023). Nanoncellulose-based
aerogels for dyes removal, Chemical Engineering Transactions MANCA, Under review.

e Pirozzi, A., Rincon Rubio, E., Donsi, F., Espinosa Victor, E., Serrano, L. (2023). Quality index of
nanostructured cellulose from barley straw by-product in aerogel materials as efficient dye removal
systems, Under submission.

Nanostructured cellulose has attracted attention for the fabrication of bio-
absorbent aerogels, because of its remarkable properties and highly efficient,
low-cost, biodegradable, and renewable sourcing. In this section,
(ligno)cellulose nanofibers produced from barley straw by different pre-
treatments and the quality index of the obtained suspensions has been
evaluated for their application in wastewater decontamination systems.
Although all the nanofibers exhibited quality indexes higher than 60%,
cellulose nanofibers obtained after TEMPO-mediated catalytic oxidation pre-
treatment excelled in quality, reaching a quality index of more than 90%. The
application of nanofibers in the form of aerogels in wastewater
decontamination demonstrated a contaminant removal capacity of more than
80% for those nanofibers with a quality index higher than 70%. Particularly,
the high specific surface area of (L)CNF-TO allowed a higher affinity and
interaction of the carboxyl groups with the contaminant. In addition, the
analysis using the Langmuir adsorption isotherm model suggested a
homogeneous adsorption of the contaminant on the aerogels. Therefore, the
eco-friendly NCs-based aerogels would be a promising adsorbent material for
effective wastewater treatment.
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V.3.1. Specific goal and work plan

Along the whole food supply chain, 931 million tonnes of food wastes and
by-products, also known as AFRs, were generated in 2019, 61% of which
came from households, 26% from food service, and 13% from retail. This
suggests that 17% of total global food production may be wasted (11% in
households, 5% in food service, and 2% in retail) [69]. Food loss and waste
are a big source of greenhouse gas emissions, making them a major
contributor to the three planetary crises of climate change, nature and
biodiversity loss, and pollution and waste. As awareness of human impact on
the planet is increasing, the demand for new sustainable materials has grown
rapidly in recent years, as evidenced by the UN agenda 2030 [70], in particular
Sustainable Development Goal 12.3 aims to halve food waste and reduce food
loss by 2030. In this scenario, the agricultural industry, in collaboration with
the scientific community, has directed efforts toward the design of appropriate
methods for the exploitation of AFRs to extract and purify high value-added
compounds [71] including dietary fiber, antioxidants, oligosaccharides,
vitamins, pectin, enzymes, pigments, organic acids inter alia, of special
interest for innovative applications in different fields (i.e food ingredients,
nutraceuticals, cosmeceutical, bioderived fine chemicals, biofuels, etc)
[72,73]. 1t is currently known that the full use of waste with functional
properties could lead the food industry to reduce residues and increase its
profitability [74]. Therefore, the partial (or even total) use of industrial and
agricultural wastes not only is an advantage from the environmental point of
view for mitigating their environmental burden [75], but it could also solve
some economic issues.

Among the different side-streams from agriculture, lignocellulosic
biomass, such as straws from cereal plants (barley, oat, rye, and wheat, are
rich in lignocellulose), is the most abundant renewable biomass on Earth, with
approximately 200 billion tons per year of lignocellulosic biomass supply by
worldwide from the forestry residue and agricultural wastes [76—80]. These
biomasses are composed of cellulose, hemicelluloses, and lignin as well as
other minor components. Among them, cellulose is the most abundant
renewable organic carbohydrate polymer produced in the biosphere and
widely distributed in higher plants, in several marine animals, and to a lesser
degree in algae, fungi, bacteria, invertebrates, and even amoeba [81].
Cellulose is characterized by noteworthy structure and properties due to its
unique molecular structure [82]. Owing to their hierarchical order in a
supramolecular structure and organization given by the hydrogen bond
network between hydroxyl groups, nanoparticles can be efficiently isolated
from cellulose [83] via mechanical and chemical methods, or through their
combination. Among the wide range of applications offered by NC, owing to
its ultra-low density, high porosity, and large surface area as well as its wide
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availability, NC-based aerogels represent a promising class of materials for
water decontamination [84,85].

Effluent wastewater from different industries (textile, leather, paper
printing, cosmetic, pharmaceutical, food, and technological applications) is a
major source of environmental contamination from chemicals and dyes [86].
Owing its synthetic origin, dyes are a major concern due to their potential
toxicity and adverse effects to human life and ecosystems. In particular,
pollution from methylene blue, a cationic dye commonly used in textile
manufacturing processes for dying cotton, wood, and silk, can lead to eye
burns, breathing difficulties, nausea, vomiting, and methemoglobinemia [87—
90]. These organic dyes are also stable at elevated temperature, under light
exposure, heat, and in the presence of other chemical reactions [91]. In this
scenario, the removal of organic dyes from wastewater before discharging is
a crucial and very important aspect. During the past three decades, several
physical methods, such as membrane filtration (nano-filtration, reverse
osmosis, electrodialysis) [92], coagulation/flocculation [93], and irradiation
[94], and other conventional chemical and biological decolorization methods,
such as advanced oxidation processes [95], electrochemical degradation or
ozonation [96], and decolorization by white-rot fungi [97], have been
reported. Amongst these numerous techniques of dye removal, adsorption is
the most widely employed method which gives the best results and can be
used to remove different types of coloring materials [98,99] and moreover it
is an effective and eco-friendly method due to its low-cost, high efficiency and
without the generation of harmful substances [100] or secondary
contamination [101].

For the adsorption process, NCs-based aerogels are the promising choice
of adsorbent thanks to their features, such as large internal surface area, wide
pore size distribution, rapid recovery from aqueous solutions, and low density,
which are ideal for dye removal from wastewater, increasing greatly the
adsorption capacity of the adsorbent.

The novelty of the study arises from the relationship between the quality
index of (ligno)cellulose nanofibers purified from barley straw ((L)CNFs) (§
IV.3.3.6) and their application as wastewater decontaminant aerogels. For this
purpose, the adsorption effect of pollutants from aerogels based on these
(L)CNFs was analyzed by investigating in detail the kinetic and isothermal
models of the process (Figure V.21). Finally, it was investigated in detail the
quality index of NCs as the benchmarking parameter closely linked with
adsorption efficiency of dye pollutants.
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V.3.2. Specific material and methods

(Un)bleached cellulose pulp
from barley straw

Nanofibrillated cellulose
((L)CNFs)

Freeze-drying (L)CNFs-based
aerogels

l

MB adsorption

based aerogels production and utilization in dye removal.
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V.3.2.1. Materials

The (ligno)cellulose pulp was isolated from barley straw as described in §
IV.2.3.3, and (L)CNFs have been obtained from the cellulose pulp through the
combination of TEMPO-mediated oxidation or PFI beater with HPH, as
described in detail in section § IV.3.3.6.

All reagents were of analytical grade unless otherwise stated. Micro-pure
deionized water was used throughout the experiments.

V.3.2.2. Preparation and characterization of (L)CNFs-based
aerogels

(L)CNEF suspensions at 0.5 wt%pwm were prepared diluting the samples with
distilled water and subsequently homogenizing at 20,000 rpm for 5 min with
an Ultraturrax T18 (IKA-Werke GmbH & Co. KG, Staufen, Germany). Each
suspension was frozen for 24 h prior to be subjected to freeze drying at -85 °C
under 0.5 mBar for 72 h in a Lyoquest -85 lyophilizer (Telstar, Terrassa,
Spain).

The porosity, a key property in the formation of aerogels due to its
relationship with adsorption capacity [91], is calculated using the following

equation [85]:

P= (1 - &> -100 (V.12)
Pc

where ps is the apparent density of aerogels (obtained by the cylinder volume

method using a digital calliper and digital balance with accuracy of 0.01 mm

and 0.0001, respectively), and pc is the density of cellulose (considered as

1540 kg/m?).

The mechanical properties of cylinder aerogels (24 mm heigh and 28 mm
diameter) were evaluated using Lloyd LF Plus Tensile Test Machine (Lloyd
Instruments Ltd, Bognor Regis, United Kindom) equipped with a load cell of
1 kN by compression tests with a strain limit of 80%, based on the initial
aerogels’ height, at a speed of 2 mm/min.

The water contact angle (WCA) was measured in a Contact Angle
Goniometer (Ossila Ltd, Sheffield, England), using the sessile drop method.
A 10 pL droplet of deionized water was cast on the surface of the aerogel and
the angle was measured from 0 to 10 s. The measurements were replicated 5
times and the results were expressed as average with their relative standard
deviation.

V.3.2.3. Evaluation of dye removal efficiency

In this work, methylene blue (MB) solution was employed as typical
cationic dye to simulate wastewater. All adsorption experiments were
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performed by immersing the aerogel samples in 50 mL dye aqueous solution
at 10 mg/L. The concentration of the dye solution during 24 h of adsorption
was analyzed by UV—vis spectrophotometer (Lambda 25, Perkin Elmer Inc,
Waltham, USA), using a calibration curve, obtained from the linear fitting
(Agsa nm = 0.2075 - Cymp, R? = 0.9991) of the measured absorbance (Agss nm)
as a function of MB concentration (ranging from 0 to 10 mg/L). The
percentage of dye removal during the adsorption kinetic was measured and
calculated using the following relationship:

C;— G

Ci
where Ci and C; are the initial and after time t concentrations of dye (mg/L),
respectively.
The amount of dye adsorbed Q. (mg/g), onto acrogel was calculated from
the mass balance equation as follows:
Ci B Ce
C=Tn

where C. is the equilibrium concentration of dye (mg/L), V is the volume of
dye solution (L), and M is the mass of the adsorbent acrogel used (g).

Langmuir isotherm (Equation V.15) is used to describe adsorption
equilibrium type and maximum adsorption capacity [100].

C 1 1 1
be_ 20 4— (V.15)
Qe Qm QmKL
where Qn is the maximum adsorption capacity (mg/g), and K is the Langmuir
constant (L/mg).

Furthermore, the separation factor (Ry), calculated as in Equation V.16, is
used to describe the essential characteristic of Langmuir isotherm: irreversible
(Rr = 0); favorable (0 <Ry < 1); linear (R = 1); unfavourable (Ry > 1) [102].
_ 1 (V.16)
1+ K, -G

(V.13)

% Dye removal = ( ) - 100

v (V.14)

Ry

V.3.2.4. Statistical analysis

Experiments were repeated in triplicates and the values were expressed as
mean + standard deviation. Significant difference of p < 0.05 was taken in a
SPSS 20 (SPSS Inc., Chicago, USA) statistical package one-way analysis of
variance (ANOVA) and Tukey's test. The data was normally distributed.
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3.3. Results and discussion
V.3.3.1. (L)CNF-based aerogels

Aiming to establish a relationship between the QI of (L)CNFs (calculated
using the Equation IV.3) and their potential applications, aerogels (Figure
V.22) were prepared with these nanofibers to be applied as wastewater
decontamination systems, due to their unique linear structure and mechanical
properties as well as the presence of many hydroxyl groups, leading to an
increase in the affinity of this adsorbent material with organic dyes.

CNFs-based hydrogels CNFs-based aerogels

N

Figure V.22 Aerogels ma_t;rials obtained from (a) LCNFs-TO, (b) CNF-TO,
(¢)LCNF-PFI, and (d) CNF-PFI.
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To investigate the crucial factors for the handling and performance of
adsorbent aerogels, the (L)CNFs-based aerogels obtained by freeze-drying
hydrogels to preserve the internal pore structure were characterized by
apparent density and the corresponding porosity, as well as by compression
tests for mechanical properties (Table V.6). (L)CNFs aerogels, owing to the
high strength of NCs and the stable porous structure, exhibit good mechanical
performances under an external force, better than the traditional brittle SiO,
aerogels that are usually broken easily under pressure [103]. Moreover, the
Young's modulus of the (L)CNF-TO samples increased with respect to
(L)CNF-PFI ones, owing to the strong hydrogen bonding of cellulose chains
which can facilitate the formation of a strong network. As a result, at the same
cellulose content, LCNF-TO and CNF-TO demonstrate a significant
difference (p < 0.05) in compressive strength (of about ~ 3 kPa) with respect
to LCNF-PFI and CNF-PFI. Moreover, the tensile strength and compressive
modulus have a direct relationship with the density of CNFs-based acrogels
[104]. The NCs-based solid aerogels have the advantages to display low
density ranging from 5 to 9 kg/m?, and the corresponding porosity higher than
99%, which greatly improves their water absorption and water retention, as
well as their excellent ability to adsorb macromolecules. The compressive
behavior of aerogels, plotted against relative density in Figure V.23a, is
commonly described by power law dependence of Equation V.17 [105]:

o (z_z)n (V.17)

where the E is the Young’s Modulus, p,/p. is the relative density, and # is the
scaling exponent.

The power law predicts a scaling exponent of n = 3.708, suggesting that
obtained materials have aerogel-like structure, in good agreement with
previous studies on cellulose [106,107].

Table V.6 Mechanical properties from the compression analysis, apparent
density, and porosity of the different aerogels.

, .

Young’s Tensile Stiffness  Apparent density  Porosity

Modulus strength (kN/m) (kg/m*) (%)
(kPa) (kPa) i ’

LCNF-TO 3046 £2.19¢ 2.78 £ 0.32° 6.96 + 0.48° 7.53 £0.50° 99.51 +£0.03°
CNF-TO 3391 +£3.92¢ 3.09+£0.17° 7.23+£0.16° 9.08 £0.43¢ 99.41 £0.03*
LCNEF-PFI 18.68 £2.71* 1.81 +0.05* 4.73 £0.85° 5.78 £ 0.40° 99.62 +0.03¢

CNF-PFI 2421 +1.72° 1.61 +0.18° 5.51+0.78 6.61 £0.16° 99.57 +0.01°

Different letters denote significant differences (p < 0.05) among the different samples within each column
(n=3).
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Figure V.23 (a) Young’s Modulus as a function of relative density (ps/p.) for
CNF's-based aerogels. Dotted line represents the power law fitting curve
(Equation V.17). (b) Average contact angle of water on aerogels. Different
letters denote significant differences (p < 0.05).

In order to further verify the feasibility for dye removal from water, the
aerogels were characterized also in terms of wetting properties. Due to the
large number of hydrophilic hydroxyl groups in cellulose, the water contact
angle was lower than 40° for freeze-dried cellulose nanofiber aerogels, a part
for CNF-PFI, into which a water droplet penetrates within 1 s, and therefore
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the water contact angle was 0°. Hence, water droplets are not stood on the
surface but adsorbed within 10 s, demonstrating the hydrophilic nature of
CNFs-based aerogel.

V.3.3.2. Adsorption behavior of (L)CNF-based aerogels

The prepared adsorbent aerogels showed excellent Methylene blue (MB)
adsorptions. Figure V.24 shows the adsorption kinetics of different (L)CNFs-
based aerogels for MB solution at 10 mg/L. The results indicated that the
adsorption rate increased rapidly at the beginning due to the high availability
of hydroxyl and carboxyl groups present in the aerogel (negative charge) to
interact with MB (positive charge), and then it gradually slowed down owing
to the saturation of the adsorption sites inside the adsorbent. Therefore, the
affinity for adsorption by the (L)CNFs-based aerogels was due to their
functional groups (hydroxyl and carboxyl), as reported in Table V.7. The
adsorption equilibrium has been reached at about 1, 4, 23, and 3.5 h after
adsorption for LCNF-TO, CNF-TO, LCNF-PFI, and CNF-PFI, respectively.
The slower adsorption obtained by CNF-PFI aerogel is mainly due to the low
surface charge of nanofibers obtained by mechanical pre-treatment as well as
the lower QI value. Meanwhile, despite LCNF-PFI exhibited a slight different
QI value than CNF-PF]I, the lignin content still present in the LCNFs had a
significant effect on the adsorption properties owing to the formation of

electrostatic interactions between the functional groups and cationic dye [85].
100 -
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Figure V.24 Effect of contact time on the adsorption capacity of Methylene
blue cationic dye. Circles represent experimental data points and solid lines
represent exponential decay fitting curves (Equation V.18).
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In addition, all samples exhibited the exponential decay relation (Equation
18) between adsorption time and percentage of dye removed. Therefore, Table
V.7 showed the relevant kinetic parameters of graphs of kinetic model which
has a higher R? value, and thereby it is suitable for describing the adsorption
behavior of the MB cationic dye.

fX) =y, +a-eb* (V.18)

Table V.7 Kinetic coefficients and fitting parameters for dyes adsorption
model using Equation V.18.

Parameters Value
LCNF-TO CNF-TO LCNF-PFI CNF-PFI
Yo 1.042 +0.025 0.708 £ 0.042 0.857+0.111 4765 +0.774
a 9.250 + 0.484 9.283 +£0.557 9.028 £ 0.661 5.231+0.359
b 0.346 + 0.004 0.043 £0.013 0.005 +0.001 0.377 £0.013
R? 0.999 +0.001 0.997 +0.001 0.994 +0.004 0.947 + 0.006
Adj R? 0.998 + 0.001 0.996 + 0.001 0.992 + 0.006 0.928 + 0.008

The high initial concentration of MB (10 mg/L) promoted the adsorption
amount of cellulose aerogels toward dye, which was ascribed to the higher
driving forces between adsorbents and dye molecules. The LCNF-TO and
CNF-TO-based aerogels allowed to reach the maximum equilibrium
adsorption capacity of the MB (Figure V.25a), because the (L)CNF-TO have
higher specific surface area, leading to a higher affinity and interaction of
carboxyl groups with MB. This result is also confirmed from visual
observations (Figure V.26), where it is clear visible how the MB solution
became clearer after the treatment with aerogels. In addition, this finding
indicated that a QI higher than 70% causes the adsorption process’s efficiency
of MB to increase, reaching the maximum equilibrium adsorption capacity.
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Figure V.25 (a) Effects of different aerogels on the MB adsorption capacity
(left y-axis, Q.) and on the quality index (vight y-axis, QI). (b) Langmuir
isothermal adsorption model.

Furthermore, the interaction between the adsorbent and adsorbate has been
analyzed via the Langmuir adsorption isotherm model (Equation V.15) at 25
°C, as shown in Figure V.25b. Results indicated that NCs-based aerogels have
homogeneous adsorption characteristics for MB with a maximum adsorption
capacity of 4.677 mg/g. Moreover, the Ry value of MB adsorbed by (L)CNFs
aerogels is less than 1 (Table V.8), demonstrating a favorable adsorption
process owing to the strong intermolecular interaction between oxygen-
containing groups of aerogels and hydrophilic segment of dye molecules.

Table V.8 Langmuir isothermal adsorption fitting parameters of Equation
V.15.

Parameters Value
Qun 4.677
Ky 19.796
R? 0.997
Adj R? 0.996
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Figure V.26 MB solution (left column) and aerogels materials (right column)
of (a) LCNFs-TO, (b) CNF-TO, (¢c)LCNF-PFI, and (d) CNF-PFI, after 24 h
adsorption test.
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V.3.4. Conclusions

In summary, porous, low density, and high porosity NCs-based aerogels
have been successfully obtained using nanostructured cellulose isolated from
barley straw by-products via chemical and mechanical pre-treatments. The
quality index clearly characterization enabled to observe the relationship
between the quality grade of different (ligno)cellulosic nanofibers and their
adsorption behavior. Batch adsorption experiments indicated that (L)CNFs
aerogels have high adsorption capacity for methylene blue, which could be
ascribed to the internal porous structure and the electrostatic interaction
between NCs and cationic dye molecules. In particular, all samples exhibited
a MB capacity removal equal or higher than 90%, except nanofibers obtained
by mechanical pre-treatment which have the lower quality index.
Nevertheless, the effect of residual lignin content in NCs isolated via
mechanical pre-treatment significantly improved the adsorption capacity in
comparison with lignin-free CNFs-PFI. The excellent cationic dye removal
efficiency of these lignin-nanocellulose can be explained as follows. At the
beginning of batch adsorption experiment, cationic dye can undergo weak
adsorption through hydrogen bonding and n—n accumulation with lignin. For
longer time, deprotonated anionic functional groups, such as hydroxyl and
carboxyl groups, present on the surface of lignin implement strong
electrostatic interactions with cationic dye molecules and thus exhibit an
adsorption capacity, reaching the final adsorption percentage of (L)CNF-TO.
Furthermore, the equilibrium data was consistent with the Langmuir
isothermal model, and the maximum theoretical adsorption capacity for MB
was 4.88 mg/g. In this scenario, NCs-based aerogels with a quality index
higher than 69% would be a promising adsorbent material for wastewater
treatment owing to its low-cost and high adsorption capacity.
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Section V.4
Reinforcement materials for
edible coatings

The usage of edible coatings (ECs) represents an emerging approach for
extending the shelf life of highly perishable foods, such as fresh fruits and
vegetables. This section addresses, in particular, the use of NCs as reinforcing
agents in film-forming solutions of sodium alginate to tailor the
physicochemical, mechanical, and antimicrobial properties of composite
coatings, focusing on the impact of NC origin and physical treatments on their
structural properties (morphology, shape, and dimension) and their
functionality. Moreover, to enhance their efficiency and functionality, ECs
can be loaded with different bioactive compounds, such as essential oil, to
develop specific functionalities, such as antimicrobial, antioxidant, flavoring,
or even nutritive actions. However, the use of additives, to achieve the desired
effect during foodstuff shelf life and, upon consumption, in the relevant
biological environment, is severely limited by their scarce performance,
especially for what concerns solubility, stability against environmental
conditions during product manufacturing, storage, and bioavailability upon
consumption. Nanoencapsulation can be seen as an attractive approach to
overcoming these challenges. Among the different nanoencapsulation
systems, NCs-stabilized Pickering emulsions have emerged as the most
effective ones, because of their intrinsic low toxicity following their
formulation with biocompatible and biodegradable materials.

V.4.1. Specific goal and work plan

Edible coatings represent a method to extend the shelf life and maintain
the physical and gustatory characteristics of fresh produce, traditionally used
in food storability [108]. The introduction of food-grade materials with more
advanced properties and novel deposition methods has enabled the application
of edible coatings in extremely thin layers on the food surface, providing an
invisible physical barrier to oxygen, external microbial contamination, and
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moisture absorption/desorption in food, without affecting its organoleptic
properties [109—111]. More recently, the use of edible coatings has been
further promoted by their functionalization with bioactive compounds, such
as natural antimicrobial compounds, antioxidants, minerals, and vitamins,
which contribute not only to improving safety and preserving the quality of
food but also to delivering health benefits to the consumer [112,113]. Because
of their high efficiency in reducing the occurrence of deteriorative processes,
antimicrobial coatings have been widely studied for extending the shelf life of
fish and meat products, as well as for high value-added fruits and vegetables
[110].

Edible coatings can be applied onto the food surfaces by various methods,
including spraying, dipping, spreading, and thin-film hydration [114].
Numerous studies have been conducted to date to assess the effect of edible
coatings on preserving the quality and increasing the shelf life of fresh/fresh-
cut fruits [115]. The coating efficiency in protecting food products was
reported to depend on (i) the method of application; as well as on (ii) the nature
of the coating ingredients and their concentrations [116]; (iii) the uniformity
of wetting and spreading on the surface and on the adhesion, cohesion, and
durability [117]; (iv) the capability to act as barriers against water or oils
permeation; and (v) gas or vapors transmission [117,118].

Among different film-forming materials, alginates are widely used in the
edible coating because of their wide availability and regulatory status. The
U.S. Food and Drug Administration (FDA) classifies food-grade sodium
alginate as generally regarded as safe (GRAS) [119] and lists its usage as an
emulsifier, stabilizer, thickener, and gelling agent [120]. The European
Commission (EC) lists alginic acid and its salts (E400—E404) as authorized
food additives.

Recently, the incorporation of essential oils (EOs) as natural antimicrobial
agents in edible coatings has received increasing attention to control the decay
and extend the storage life of perishable foods [121-123]. Bergamot essential
oil (BEO) has excellent antimicrobial properties and inhibits the growth of
both gram-positive and gram-negative bacteria and fungi [124]. Moreover, the
synergistic interaction between reinforcement agents and the polymeric
material, through hydrogen bonding or ionic complexation, enables the ECs
mechanical properties to be increased and permeability of moisture and gases
to be reduced [125]. Among the different reinforcing agents, nanofillers or
additives with their size lying in the range of 100 nm have attracted increasing
attention. In this scenario, NCs emerged as a promising material for tailoring
ECs properties in food preservation. For their nano-reinforcing effect in many
different polymer matrices, NCs is mainly used.

This section addressed the development of active coatings for strawberries,
which are one of the most popular and trending fruits across the world. The
shelf-life extension of strawberries is of great industrial relevance, since they
are readily perishable fruits, so special technology or handling is needed to
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prevent damage arising from the poor logistics from rural and remote areas of
cultivation as well as from the market storage, hence contributing to food
waste reduction and maintaining the shelf life and human health benefits.
From the aforementioned reasons, the objective of this work was to investigate
the effect of coating formulation, based on sodium alginate at 2 wt%,
reinforced with MBC or functionalized with bergamot essential oil as it is and
in encapsulated forms using emulsions or MBC-stabilized Pickering
emulsions (Figure V.27).

V.4.2. Specific material and methods

Bacterial cellulose ; :
o 57 1 b ! ]
BEC L BEO phase |
. Ty i b e i ,(. \ Water phase |
" {759 Lechite & \ o MK
) High-shear h High-shear
3 mixing : mixing
Mechanical treatment 1 1 1 1
- o A 8 ; = -]
. T — i =
}_%d \ High-pressure i High-pressure
i.'\;: homogenization I homogenization
Microcellulose Bergamot esssential oil Nanoemulsion Pickering emulsion

A

Sodium alginate

& &
- 3
o it )
f S i-l
Solvent casting Application on strawberries

Figure V.27 Schematic representation of methodology used for active edible
coating.

V.4.2.1. Materials

Fresh strawberries (Fragaria % ananassa) were purchased from a local
supermarket (Salerno, Italy), and stored at 4 °C until used. Before each
experiment, strawberries were selected based on similar shape and without

any physical damage or visible signs of disease occurrence were subjected to
the experimental treatments.
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The bacterial cellulose, iolated from the Kombucha tea fermentation (§
1V.2.3.3), was treated through high shear mixing, as described in the section
§ IV.3.3.4, to obtain micronized baterial cellulose (MBC). Sodium alginate
(Thermo Fisher GmbH, Kandel, Germany), bergamot essential oil (kindly
supplied by Frey & Lau GmbH, Henstedt, Ulzburg, Germany) and lecithin
(soy lecithin Solec IP, Milan, Italy) were used in coating formulations.
Buffered peptone water, plate count agar, and agar dichloran rose bengal (all
acquired from VWR International, Milan, Italy) were used in microbiological
viability tests.

All chemicals and solvents used in this study were purchased from Sigma
Aldrich (Milan, Italy) unless otherwise specified.

V.4.2.2. Preparation of emulsions and coating solutions

Nanoemulsion was produced by dispersing BEO in water, using lecithin as
the emulsifier. A primary emulsion was prepared by mixing BEO with lecithin
at different concentration and then adding the mixture to distilled water using
a high-shear mixing (HSM) disperser (Ultra Turrax T25, IKA Labortechnik,
Staufen, Germany) at 35,000 rpm for 5 min, based on previously optimized
conditions [126]. The nanoemulsion was obtained by treating the primary
emulsion by HPH at 80 MPa for 15 passes, using an in-house developed unit,
equipped with a 200 pm diameter orifice valve (model WS1973, Maximator
JET GmbH, Schweinfurt, Germany) and an air-driven Haskel pump (model
DXHF-683, EGAR S.r.l., Milan, Italy).

Pickering emuslion was produced by dispersing BEO in water, using
micronized bacterial cellulose as stabilizer. Coarse oil-in-water emulsions
were prepared by BEO with MCB in water suspension at different
concentrations, in a high-shear mixer (HSM) (MIULab MT-30K Handheld
Homogenizer, Hangzhou, China) at 35,000 rpm for 5 min in an ice bath. The
obtained coarse emulsions were then treated through a HPH process at 80 MPa
for 15 equivalent passes, with the heat exchangers set at 5 °C, in a lab set-up
(orifice-type homogenizer) previously described in detail by Pirozzi et al.
(2021) [14].

Sodium alginate coating solutions were prepared by dissolving sodium
alginate in distilled water followed by stirring with a magnetic stirrer, at 70
°C, until the solutions became clear [127-129]. The solutions were then
sterilized in an autoclave at 121 °C for 10 min.

The active edible coating was prepared by mixing a sodium alginate
solution of appropriate concentration with MBC, BEO or emulsions under
magnetic stirring, to ensure a final coating solution of 2 wt% (optimized
concentration) and an MBC, BEO or emulsions concentration of 0.5 or 1 wt%.
All coating solutions were prepared in a laminar-flow hood (Faster
Bio48/Faster UltraSafe, Milan, Italy) under aseptic conditions, using
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autoclave-sterilized Milli-Q water. Details of the coating formulations used in
this study are summarized in Table V.9.

Table V.9 Sample codes and formulations.
Sodium Bergamot . Pickering
Nanoemulsion

Sample code alginate MBC (wt%) essential oil (Wt%) emulsion
(Wt%) (Wt%) ° (Wt%)

SA
SA_MBC 0.5
SA MBC |
SA_BEO 0.5
SA BEO |
SA NEO.5
SA NE 1

SA PE0.5
SA PE1

0.5
0.5
0.5

0.5

[NSTN ORI (O (T (SR (SR S I 9
—_

V.4.2.3. Edible films characterization

1.5 mL of film-forming solutions (Table V.9) was poured onto Petri dishes
and dried in a laminar-flow hood at 25 °C for 24 h to obtain edible films
through solvent casting method.

Once the films completely dried off, thickness (3) measurements at ten
distinct points of the edible film were performed, using a digital micrometer
(Micromaster Capa p System, TESA Technology Italia s.r.l., Milan, Italy),
and the mean values and standard deviations were determined.

The surface color was determined using a colorimeter CR400 Chroma
Meter (Konika Minolta Inc., Japan). Color changes were quantified in the CIE
L*a*b* color space. L* (lightness), a* (green-red chromaticity), and b* (blue-
yellow chromaticity) were recorded and used to calculate the total color
difference (AE) with respect to the control SA film and whiteness index (WI),
according to the Equation V.19 and V.20, respectively. Before each analysis,
the colorimeter was calibrated with a standard white plate. Ten readings were
taken at random positions from sample, for two independently prepared films.

(V.20)
WI =100 — J(100 —1*)2 + a*? + b*?

Water vapor permeability (WVP) tests were conducted using the
gravimetric method ASTM E96 [130] with some modifications. The used
procedure is the dry-vial method, where each film sample was sealed over a
vial circular opening of 2.6 cm? and stored at 25 °C in a chamber at controlled
relative humidity (RH). More specifically, to maintain a 75% RH gradient
across the film, anhydrous calcium chloride (0% RH) was placed inside the
vial and a sodium chloride saturated solution (75% RH) was used in the
chamber. The RH inside the vial was, therefore, always lower than the outside
chamber. The weight gain of the vials over time was measured periodically
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for 53 h to obtain the water vapor transmission rate (WVTR) of the films.
Three replications were conducted for the same treatment. In calculating the
WVTR, linear regressions (R? > 0.99) were carried out for the recorded weight
gains. The WVTR was calculated from the slope of the straight line (g/s)
divided by the cell area (m?). The average of the ten measurements of the film
thickness was used to calculate the WVP (g/Pa s m) from the WVTR results
by the following equation:

WVTR
— (V.21)

"~ S-(RH, — RH,)

where WVTR is the slope obtained by plotting the final weight minus the
initial weight of the sample versus time, S is the saturation vapor pressure of
water (Pa) at the test temperature (25 °C), RH; and RH: is the relative
humidity in the chamber and in the vial, respectively, 6 is the film thickness
(m). Under these conditions, the driving force S - (RH; — RH;) is 1753,55 Pa
[131].

Tensile properties of edible films are measured according to modified
ASTM D882-12 standard method [132], by using a texture analyzer model
TA-XT2a (Stable Microsystems, Godalming, United Kingdom). Rectangular
strips of edible films are cut according to ASTM D6287-09 standard method
[133] and stretched at fixed initial grip distance (50 mm) and cross-head speed
(50 mm/min). Five samples (1.8 x 10 cm) of each film were evaluated. The
tensile strength (TS) was calculated according to the Equation V.22:

TS = 5%
where Fuax is the maximum force (N) required at break, o is the film thickness
(m), and h is the width (m) of the film.

V.4.2.4. Edible coatings on strawberries characterization

Before coating treatment, strawberries were washed with water for
approximately 2 min and drained with blotting paper and let at room
temperature until the fruit surface was completely dried. Then, sodium
alginate film-forming solutions with 1 wt% of MBC, BEO or emulsions were
vaporized with a manual spryer on strawberries surface. Subsequently, the
coated strawberries were placed on perforated aluminum trays and let to dry
in a laminar-flow hood at 23°C under aseptic conditions for 4 h. The
strawberries were then stored at refregirated conditions (4 °C).
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The contact angles (8) of the film-forming solution on the strawberries
were measured by the sessile drop method [134], using a contact-angle meter
(KSV Instruments LTD CAM 200, Helsinki, Finland), equipped with an
image analysis software. Briefly, a drop of about 2 puL of the film-forming
solution was gently dispensed on the strawberries surface (placed on the
instrument stand to be aligned horizontally in the contact point with the water
drop) using a 500 uL syringe (Hamilton, Switzerland) with a 0.71 mm
diameter needle. Measurements were made each 5 s for a total of 600 s to
evaluate the contact angle changes over time. The contact angle measurements
were carried out in open air at room temperature (24 + 1 °C), in situ, for water
as a control and the film-forming formulations, containing MBC, BEO, or
emulsions at different concentrations, deposited on the strawberries surface.
Contact angles were measured in triplicate, and the average contact angle was
calculated as the mean value over the 600-s measurement.

Firmness was measured at 1 and 27 days of storage using a texture analyzer
(Model TA-XT?2, Stable Microsystems, England) equipped with flat end probe
(P/10) and three replicates of penetration at different points. Measurements
were made to a depth of 5 mm; penetration speed was 0.5 mm/s, and the
cylinder plunger had a diameter of 10 mm. Firmness values are presented in
Newton (N).

The changes in the endogenous microbial flora of strawberries, both for
control and coated fruits stored at 4 °C for 27 days, were determined for total
bacterial count and yeasts and molds count at storage days 1 and 27. The total
bacterial count was measured using Plate Count Agar (PCA) medium,
according to the procedures described by ISO 4833-1/2013, while yeasts and
molds were determined using Agar Dichloran Rose Bengal (DRBC),
according to the methods described by ISO 21527-1/2008. For each microbial
determination, two tomatoes per coating formulation were analyzed, by
recovering the microbial load using a filter stomacher bag containing buffered
peptone water (1:5 mass ratio), which was aseptically homogenized in a
Stomacher 400 Circulator (Seward, FermionX, provided by VWR
International PBI s.r.l., Milan, Italy). Decimal dilutions were prepared with
the same diluent and appropriate dilutions were included in culture media. For
total bacterial count, inoculated Petri dishes were incubated at 30 °C for 72 h;
for molds and yeasts count, the Petri dishes were incubated at 25 °C for 120
h. After incubation, colonies were enumerated and results were reported as log
CFU/g of sample. All tests were performed in triplicate, and for each sample,
the evaluation was carried out in duplicate for each dilution and analyzed
according to ISO TS 19036:2006. The sensitivity of the analysis was > 1 log
CFU/g.
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V.4.2.5. Statistical analysis

Treatments and analyses were performed in triplicate unless differently
specified and the results were reported as means =+ their respective standard
deviations. Significance of differences between means were evaluated using a
one-way analysis of variance (ANOVA), performed with SPSS 20 (SPSS
IBM., Chicago, USA) statistical package, and Tukey's test (p < 0.05).

V.4.3. Results and discussion
V.4.3.1. Edible films

The aspect and appearance of the nine films were investigated using visual
images, as shown in Figure V.28. In general, as additive content increased, a
lower transparency of films was observed compared to the control film,
showing active films of a slight gray color. Moreover, pores or cavities could
be observed in the films containing lecithin-based nanoemulsions, which were
associated with oil droplets embedded in the complex matrix. Indeed,
emulsion weakened the interactions between chitosan molecules and
increased the porosity of the film structure. Meanwhile, the structure of
SA MBC samples was homogeneous without cracks or pores, due to the good
compatibility between sodium alginate and MBC-stabilized Pickering
emulsions.

SA

SA_MBC 0.5
SA_ MBC 1
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Figure V.28 Visual appearance of the obtained edible films.

A significant (p < 0.05) slight decrease in L* and a* (lightness) values and
an increase in b* parameters with the addition of additives (Table V.10) was
obtained. Concerning the total color difference (AE), a clearly significant (p
< 0.05) increase was observed with additive concentration, being higher for
films added with 1 wt% MBC, BEO or Pickering emulsion. However, WI
values followed a decreasing tendency with increasing additives loading. It
should be highlighted that the chromaticity parameters of the color CIELab
space were obtained on a standard white plate, so the decrease in WI and L*
values with respect to the control film may reflect a lower transparency. In
this sense, the incorporation of OE contributes to intensifying the color of
active films [135] due to their natural color, except for BEO which was not
significant influenced color parameters with respect to SA control sample.

Significant differences between films were observed also regarding
thickness (Table V.10), between 16 and 60 um. Lower thickness values
correspond to a well-organized and dense film network [136]. In this sense,
thickness is an important issue to be considered as changes in structural,
mechanical, thermal, or barrier properties should be expected in films
presenting nonhomogeneous thickness values [137].
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Table V.10 Thickness and color coordinates of edible films.

Edible film Thickness (um) L* a* b* AE WI

SA 29.90 + 3.60* 91.02 £0.07% 2.97 +0.06¢ -4.19+0.18 - 46.49 + 0.20%
SA_MBC 0.5 28.10 + 1.45° 89.03 + 0.41%¢ 3.06 + 0.05¢ -1.81 +0.52% 2.94 + 0.44° 36.44 + 0.66°
SA_MBC | 33.00 + 2.36° 88.87 +0.13% 3.07 +0.07¢ -0.24 + 0.09° 450+0.319 33.32+0.17°
SA BEO 0.5 17.30 £ 4.42° 91.71 £ 0.24% 2.87+0.11 -4.01 +£0.36* 0.23 +0.19° 48.86 + 0.45¢
SA BEO 1 19.20 £2.53* 91.53+£0.15¢ 2.74 % 0.08>¢ -3.48 +£0.35% 0.90 £ 0.15® 54.32 +0.39"
SA NE 0.5 16.10 £ 1.85° 90.84 + 0.36°% 2.57 £0.08% 2.04+027" 2.19 +0.20% 52.66 + 0.46"
SA NE I 26.80 + 4.76" 90.96 + 0.53¢ 2.38+0.07% -1.82+0.41% 244 +0.45° 54.65+0.67"
SA PE 0.5 25.60 +3.20° 89.86 + 0.184 2.70 + 0.03%d -1.18 £ 0.29° 3.24 +0.12% 4425+ 0.34¢
SA PE 1 59.70 £ 2.54¢ 87.65 + 0.27 2.34+0.03° 427+0.27 9.13+0.15° 11.88 +0.38°

Different letters denote significant differences (p < 0.05) among the different samples within each column (n = 10).
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Generally, mechanical resistance and gas barrier of the composite films
should be highlighted since they are often subjected to external stress and
should keep structural integrity during packaging, transportation, and storage
[138]. The effects of the incorporated additives on the mechanical properties
of composite films relied on their type and amount. Table V.11 shows the TS
of the composite films slightly decreased from with the addition of both
nanoemulsion and Pickering emulsion independently on the concentration.
During the film formation, alginate molecules interact with each other through
hydrogen bonding, which is responsible for the formation of network structure
and maintenance of structural integrity [139]. The introduction of emulsions
disrupted the ordered arrangement of the polymer matrix by interfering with
the formation of inter- and/or intra-hydrogen bonds of alginate molecules,
especially around dispersed O/W droplets [140]. However, the essential oil
incorporated in sodium alginate film led to the increase of tensile strength, due
to the specific interactions occur between the film and the oil constituents,
such as crosslinks, structural arrangements of the components and the
formation of heterogeneous biphasic structures [141].

Table V.11 Physical properties TS and WVP of edible films with different
concentrations of different additives.

Edible film TS (MPa) WVP (x10" g/m Pa s)
SA 11.67 +£0.81% 1.94 + 0.40*
SA_MBC 0.5 11.80 +0.85°¢ 1.97 £0.14*
SA MBC 1 10.16 + 0.23%¢ 2.01 +£0.29*
SA BEO 0.5 16.40 + 0.40¢ 1.62+ 0312
SA_BEO 1 15.64 +0.07¢ 1.58 +0.13*
SA NE 0.5 8.47 +0.78® 1.47 £ 0.60*
SA NE 1 8.16 £ 0.62* 1.48 £ 0.29*
SA_PE 0.5 10.24 + 0.55%¢ 1.88 £0.29*
SA PE 1 8.72 + (.43 2.45+0.54*

Different letters denote significant differences (p < 0.05) among the different samples within
each column (n = 3).

As it is well known, water plays a key role in food deterioration, which in
turn influences various food properties such as odor, color, flavor, and nutrient
content [142,143]. The film ability to degradation of the product is an
important characteristic that affects the final product quality and food shelf-
life. Therefore, water barrier properties should be taken into due account. As
the film thickness increased, there was a slight reduced resistance to water
vapor transfer across it and, as a consequence, a stagnant air layer formed,
characterized by a high water vapor partial pressure on the inner film surface.
Nevertheless, the incorporation of other compounds into the polymer matrix
did not significantly (p < 0.05) contribute to the modification of SA film
barrier behavior.
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V.4.3.2. Effect of edible coating application on strawberries shelf life

The results of the previous section mostly covered only the properties and
characteristics of the edible film. The present section findings are mainly on
the effect of the coating solutions with the incorporation of additives at 1 wt%
upon the strawberry fruit application and antimicrobial activities. Figure V.29
shows the appearance of strawberries on the last day of storage indicating that
the color of the strawberry epidermis gradually changed with the applied
edible coating.

Uncoated SA SA MBC1

SA BEO 1 SA_NE 1

Figure V.29 The color appearance of uncoated and coated strawberries in
the last day of storage.

The effect of the addition of MBC, BEO or emulsions in the sodium
alginate coating solutions was investigated through contact-angle wettability
analysis. The contact angle is one of the basic wetting properties of coating
materials, indicating the hydrophilic/hydrophobic character of the film-
forming solution. The contact angle values may range from 0° (complete and
instantaneous spreading of the liquid onto the solid surface) to 180° (an
unrealistic limit of absolutely no wetting) [144]. Therefore, the lower the
contact angle, the higher the hydrophobicity of solutions [145]. The contact
angles of droplets of sodium alginate film solutions deposited on the
strawberries skin were similar to that of water (Figure V.30). This suggests a
high interaction of the film solutions with the hydrophobic strawberry surface.
It is clear that micronized bacterial cellulose addition caused a significant (p
< 0.05) increase in the superficial hydrophilicity of the reinforced samples
compared to that of sodium alginate or water.
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Regarding this point, it is necessary to highlight that the mechanical treatment
applied to bacterial cellulose caused the defibrillation of native fibers,
resulting in alteration of their hydrophilicity [146]. The addition of BEO in
pure form or stabilized in form of nanoemulsion and Pickering emulsion to
the alginate film-forming solution significantly (p < 0.05) decreased the
contact angle value of about 20, 38 and 34%, therefore further reducing the
surface wettability with active coatings. The observed reduction in contact
angle might be attributed to the essential oil providing more hydrophobic sites

in the coating, and therefore reducing water attraction.
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Figure V.30 Average contact angle of water and coating solutions with or
without additives. Different letters denote significant differences (p < 0.05).

Changes in firmness of both uncoated and coated strawberries during
storage at 4 °C are shown in Figure V.31. The firmness of the initial fruits
ranged from 14.41 N to 18.89 N and decreased during storage, but this
decrease was effectively delayed by sodium alginate active edible coatings.
During the storage period, all the coated fruit firmness had changed including
the uncoated fruits. However, SA BEO 1 exhibited a slightly better
performance in preventing firmness reduction. Therefore, the addition of BEO
in the coating was able to maintain firmness well, with 3.98 N of firmness at
the end of storage, as the highest value of firmness. Moreover, also the coating
containing nanoemulsions (SA_NE 1) exhibited a slight high but significant
difference with average firmness of 3.63 N. On the other hand, the application
of Pickering emulsion (SA_PE 1) had an undesirable impact, with a drastic
decrease in the firmness of the fruit. A possible reason that caused a loss of
firmness in coated fruit was the effect of the emulsion added to the coating
formulation: the firmness reduction may be induced by the water loss from
fruit cells during storage, because of the presence of the Pickering emulsion,
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causing lower cell turgor [111]. In addition, the hydrolysis of alginate as well
as depolymerization occurring during the storage period have the potential to
result in cell breakdown due to senescence and cause the flesh of the fruit to
soften and reduce its texture or firmness [147,148].
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Figure V.31 Effect of edible coating application on strawberries’' firmness 27-
d during storage at 4 °C. Different lowercase and uppercase letters show

differences between treatment groups within 1 and 27 days, respectively (p <
0.05).

The effect of different coating treatments on the bacterial counts and the
number of yeasts and molds is given in Figure V.32. Initial bacterial counts
determined for uncoated and coated strawberries ranged between 3.62 and
6.96 log CFU/g. The sodium alginate coating and coating reinforced with
MBC contributed to a slight decrease in microbial growth when compared to
control for 27 days. On the contrary, the use of the active coating, prepared
with BEO, BEO nanoemulsion, and Pickering emulsion contributed to
maintaining the total microbial count well below the acceptability limits, with
values < 6 log CFU/g, and significantly lower (p < 0.05) than control and other
coatings only at the beginning of storage, with an increase after 27 days. The
number of yeast and molds in all treatments were below the limits of
acceptability for those microorganisms in fresh fruit according to the Institute
of Food Science and Technology (IFST), which is 6 log CFU/g [149].
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Moreover, a significant difference between coated and control strawberries
was observed already from the first days of storage. Notably, at the end of the
shelf life, a reduced yeast and molds population was observed for coated fruits
with SA or SA_ MBC 1 in comparison with the SA BEO 1, SA NE 1, and
SA_PE 1. Contrary to what was expected due to what observed during edible
film characterization, the coated samples and the combination of MBC and
BEO did not show sufficient antimicrobial activity. Further studfies must,
therefore, be carried out in order to adjust coating formulations and exploit the
potential benefits of reinforcing agents of MBC and antimicrobial activity of
BEO.
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Figure V.32 (a) Total microbial count and (b) yeast and molds over a 27 days
storage period at 4 £ 1 °C of uncoated and coated strawberries.
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V.4.4. Conclusions

Physical characterization showed that the sodium alginate-based edible
coating can be a proper carrier for encapsulating essential oil and being
deposited as a thin layer onto fresh strawberries. Moreover, micronized
bacterial cellulose can be a good reinforcing agent for improving mechanical
and barrier properties of edible coatings. The results of the present section
showed that the incorporation of additives at 1 wt% induced high adhesion of
coating solution on the fruit surface, increasing at the same time the firmness
during 27 days of storage at refrigerated conditions. Nevertheless, the
antimicrobial properties of the edible films were not significantly enhanced
when essential oils have been incorporated in pure form or in emulsion. This
study, hence, provided preliminary data about the interactions between
sodium alginate and bacterial cellulose and encapsulated essential oil, which
would be a better way to (i) increase the mechanical properties of coatings;
(i1) delivery and protect essential oils in antimicrobial films; and (iii) eliminate
the negative effects of essential oils on physico-chemical characteristics of
such edible films.
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Section V.5
Amine-modified NCs for CO:
capture via adsorption

In this section, cellulose nanofibers isolated from barley straw
(ligno)cellulose pulp by combining chemical and mechanical treatments have
been used to fabricate amine functionalized CNFs-based aerogels as
promising materials for the capture of CO,. The N-(2-aminoethyl)-3-
aminopropyltri-methylsilane (AEAPMDS) and 3-Aminopropyl-
triethoxysilane (APTS) CNFs-based aerogels were successfully fabricated by
freeze-drying of CNFs hydrogels into which the amine group has been
successfully introduced via C—O-Si bonds between NC and AEAPMDS or
APTS. The impact of various parameters (temperature, type, and
concentration of amine, and type of CNFs) on the properties of the as-prepared
materials are systematically characterized through elemental analysis and
potentially applied to capture CO- via covalent bonding. The purpose is to
valorize AFRs and highlight the effective strategy available for a simple,
environmentally safe, non-toxic, low-cost CO; capture by using amine-
modified NCs for chemisorption.

V.5.1. Specific goal and work plan

The increase in the atmospheric carbon dioxide (CO.) level has been
demonstrated as being responsible for global warming and climate change.
According to statistical data, the emission of CO» has mostly occurred from
anthropogenic activities [150]. In order to mitigate the increasing
concentration of CO», studies on the reduction of emissions are being actively
conducted. In particular, CO; is inevitably generated due to the country's
economic growth and accompanying development such as industrialization,
urbanization, and transportation. In this scenario, at the 2015 UN Climate
Change Conference, participants reached an agreement to create a global
framework to prevent severe climate change by limiting global warming
below 2 °C and striving to keep it below 1.5 °C [151]. According to the IPCC
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(Intergovernmental Panel on Climate Change), reducing CO, emissions is
essential if we are to keep the concentration of carbon dioxide in the
atmosphere below 450 ppm by the end of 2100 and prevent climate change
from becoming irreversible [152]. Methods for removing CO, from gas
streams include (i) membranes; (ii) cryogenics; (iii) adsorption; and (iv)
absorption, which can be classified into chemical or physical absorption based
on the type of solvent used [153]. Membrane separation stands out for its
ability to produce high-purity CO; streams, especially for power plants, and
has several advantages, such as energy efficiency and continuous operation,
compared to other methods [154]. Cryogenic separation of CO,, which
involves liquid CO; flow under high pressure, is mainly suitable for highly
concentrated CO, streams but it is an expensive strategy due to the
refrigeration step and the need for water removal [155]. Among others,
adsorption is a relatively new approach to CO, removal and, together with
absorption, is the most economical way to separate CO, from large flows
[156]. This study focuses on the effectiveness of adsorption technology using
nanomaterials, which depends largely on the exposed surface area, porosity,
diffusion path, and availability of adsorption sites on the material, resulting
from physical interactions between nanomaterials and CO, molecules [157].
The main studied and reported nanomaterial adsorbents with strong CO,
adsorption are activated carbon, zeolites, metal-organic frameworks (MOFs),
boron nitride (BN), and MXene [158].

Activated carbon is an abundant feedstock, low-cost materials, high
available surface, and high adsorptive characteristics, such as high surface
area, large porosity, and good thermal and chemical stability, making it ideal
for physical adsorption of CO, under normal conditions [158,159]. Despite
the easy adjustment of activated carbon porosity and surface area through
pyrolysis and etching methods, which allow to meet the structural
requirements of the adsorption process [160], the capacity and selectivity of
activated carbon materials in terms of adsorption efficiency are limited by the
weak physical interactions between CO, molecules and the material [161]. To
enhance the efficiency of CO, physical adsorption, zeolite materials are
utilized due to the stronger physical interactions between CO> molecules and
the negative charges on the surface of zeolite. Moreover, zeolite materials are
beneficial due to their abundant porosity, pore size, and high surface area and
can be easily chemically modified according to specifications and scope of
application CO, capture, making it to be a cost-effective technique for
applying to control circumstances of flue gas [162]. The major disadvantage
of zeolites is their weak CO» capture performance if the gas mixture contains
water. Water will preferably interact with the cations due to the strong metal-
dipole interactions, making part of the internal porosity unavailable for CO,
capture and reducing the strength and heterogeneity of the internal electric
field which made the materials so attractive for CO; capture [163]. This makes
difficult the usage of zeolites for direct air capture in humid environments.
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MOFs are a class of solid sorbents, which consist of inorganic-organic hybrid
crystalline materials formed through the self-assembly of inorganic metal
cations or clusters and organic ligands [164]. MOFs are porous materials with
comparable or even better characteristics (i.e., high surface areas and uniform
micropore size) when compared to zeolites and with tunable internal structures
and properties, which make MOFs a promising alternative to traditional liquid
and solid carbon capture sorbents [157]. The CO; adsorption enhancement is
attributed to the pore enrichment effect of the nanomaterials. In this regard,
the attention is turned to porous boron nitride as potential material for CO,
adsorbent, due to unique B-N electronegativity, high thermal and chemical
stabilities, and well recyclability in pollution management [165]. Different
studies have been reported that the adsorption capacity of BN nanotubes
(BNNTs) for CO, is better than carbon nanotubes (CNTs) [166,167].
Nevertheless, CO, molecules form weak interactions with uncharged BN
nanomaterials and are weakly adsorbed. Hence, extensive work has been
performed to enhance the CO, adsorption activity of BN by introducing
functional group modification, making these nanomaterials highly effective
absorbents [168]. Recently, nitrides (MXenes) have been proposed for CO;
capture thanks to their intrinsic high surface areas [169]. Results highlight that
the prepared MXene-supported adsorbents exhibit a large working capacity
and a very stable cycling stability because of the synergetic effect [170].

Compared to physical adsorption, chemical adsorption has a higher
sorption capacity and stronger interaction of materials with CO, molecules.
Chemisorption is a chemical adsorption process where a molecule adsorbs
onto a solid surface by spontancous formation of a chemical bond-like
hydrogen bonding, covalent and ionic bond [158]. The energy of
chemisorption between gas molecules and adsorbents can differ considerably
depending on the strength of the adsorbent and adsorbate specie bonding.
Among different adsorbents, amine-modified nanomaterials have proven to be
an effective solution for CO, chemical adsorption, due to their low energy
consumption, chemical stability, and reversible nature [171].

As far as is known, no such study on the process variables optimization of
the NCs amine modification to be used in CO, capture has been reported in
literature. Therefore, the prime objective of the present section was to analyze
the effect of process parameters and optimization of conditions using RSM
approach. The variables employed in the experimental design were the type
of NCs, the type and concentration of amine, and reaction temperature. Lastly,
a study was carried out to analyze the CO; adsorption isotherm conducted at
298 K and pressure up to 1 bar. Meanwhile, desorption was performed by
depressurizing CO; from 1 bar (Figure V.33).
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V.5.2. Specific material and methods
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Figure V.33 Schematic representation of methodology used to modify NCs
with amine for CO; capture.

V.5.2.1 Materials

The (ligno)cellulose pulp was isolated from barley straw as described in §
IV.2.3.3, and (L)CNFs have been obtained from the cellulose pulp through the
combination of TEMPO-mediated oxidation or PFI beater with HPH, as
described in detail in section § 1V.3.3.6.

All reagents were of analytical grade unless otherwise stated. Micro-pure
deionized water was used throughout the experiments.

V.5.2.2. Preparation of amine-modified NCs aerogel

The previously dried (L)CNFs was dissolved in distilled water and treated
in an ultrasonic cell distruptor with a constant power of 2000 W for 5 min to
form a homogeneous solution of 2.5 wt%. N-2-Aminoethyl-3-aminopropyltri-
methoxysilane (AEAPMDS) and 3-Aminopropyl-triethoxysilane (APTS) was
added to this (L)CNFs hydrogels until the total silane concentration ranged
between 2.5 and 10 wt% The suspension was sonicated for 45 s, followed by
a spontaneous physical gelation route for 20 min at room temperature. Then,
the prepared amino-modified (L)CNFs hydrogels were added into a bath,
containing glycerol, at different temperatures (70 - 120 °C) and reacted for 24
h. Finally, freeze-drying was carried out to obtain AEAPMDS/APTS-
(L)CNFs aerogels.
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V.5.2.3. Experimental design for CO, capture

Response surface methodology (RSM) model for the design of
experiments (DOE) was used for fitting and establishing the relationship
between response variables (nitrogen content and CO» adsorption) and process
variables (type of NCs, type of amine, amine concentration, and operating
temperature), to determine the optimal processing conditions of the
modification process, which maximize the nitrogen content as well as the
higher CO; capture. I-Optimal Design was applied in this study, using Design-
Expert 11.1.2.0 software (Statease Inc., Minneapolis, MN, U.S.) to determine
the number of experiments to be evaluated for the optimization of the two
independent and the response variables. A third-order polynomial model
reported in Equation V.23 was used to predict the response variable as a
function of the investigated independent factors
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In this equation, Yy is the predicted response variables; Xijy are the
independent variables; Bo, Bi, Bii, Bii» Biij»> Bij, and Pijk correspond to a constant
term, regression coefficients of the linear effects, quadratic, and interaction
terms of the model, respectively, with € being the model error.

(V.23)

V.5.2.4. Elemental analysis

The elemental analysis for carbon, hydrogen, and nitrogen was performed
in a Euro EA3000 series elemental analyser (EuroVector SpA, Milano, Italy)
to determine whether the modifier was successfully grafted onto the CNFs as
well as to investigate the impact of different parameters on the modification
process. Total oxidation of the sample (10 mg) was conducted at 1020 °C.
Combustion products were separated in a chromatographic column (PTFA
column for CHNS, 2 m; carrier gas, He, 70 kPa; purge flow, 80 mL/min;
oxygen pressure, 35 kPa).
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V.5.2.5. CO; adsorption isotherm

The amine-modified nanomaterials’ CO, adsorption capacities were
determined from their isotherms, measured volumetrically using a ASAP
2020 Analyzer (Micromeritics Instrument Corporation, Norcross, United
States) at 25 °C. Prior to the measurements, samples were outgassed at 110 °C
and 10™* mbar during 8 h.

V.5.3. Results and discussion
V.5.3.1. Optimization of nitrogen content

The most common mechanism for CO; capture involves the formation of
a zwitterion through the interaction of CO, and amines, followed by
deprotonation of the zwitterion by a base to produce a carbamate [172—174].
The zwitterion mechanism is written as follows:

RNH, + C0,(g) © RNHJ CO;
RNH; CO; + RNH, & RNHCO; + RNHZ

whereas the termolecular mechanism reads:

C0,(g) + RNH, - NH,R & RNHCO; + RNH§

In this scenario, NCs have been studied as support for amine adsorbents
for CO, capture. The sorbent materials were prepared using AEAPMDS and
APTS that was grafted to (L)CNFs, as depicted in Figure V.34.

316



Advanced and innovative applications
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Figure V.34 Schematic representation of amine materials used in this study
supported by NCs.

In order to gain insight into the underlying mechanism of (L)CNFs
modification by amines, the RSM optimization was used to explore the effect
of different parameters: type of NCs, type of amine, amine concentration, and
operating temperature. The experimental data obtained from the [-Optimal
experiment design were fitted by cubic model (Equation V.24), which was
used to analyze and predict the optimal level for enhanced surface
modification.

Y; =8.180 + 2.300-X; — 0.463- X, + 0.575 - X3 + 1.860 (V.24)
X, —0354-X;,- X, — 0997 - X; - X5
—0.602-X,-X,+0.267-X, X3+ 0.477
- X, X, +0.003 - X5 - X, — 0.684 - X?

—0.133-X2 —2.760 - X, - X, - X3 — 0.887
X, Xy X, —1.690-X; - X5 X,
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The significance of the regression coefficients of the predicted polynomial
model are reported in Table V.12. As shown by the data in Table V.12, the
regression coefficient (R* = 0.9742) values indicated that the developed
regression model had satisfactory goodness of fit and confidence level.
Furthermore, the adjusted regression coefficient (Adj-R? = 0.8453) is almost
the same as R?, indicating that only 2.36% of the data are not explained by the
equation. The model F-value, lack-of-fit F-value, and P-value were used to
evaluate the significance for the modification of (L)CNFs with AEAPMDS or
APTS with a high degree of fitting. The model F-value of 7.56 revealed that
the model is adequate; the coefficient of variation (C.V. %) value of 13.78 %
also indicated the dependability and adequacy of the model. “Adeq Precision”
measures the signal-to-noise ratio and a value ratio of 9.243 indicates an
adequate signal in the model for the navigation of the design space.

Table V.12 Analysis of variance (ANOVA) of the cubic model for the nitrogen
content of amine-modified (L) CNFs.

Parameters Value
Mean 7.80
C.V. (%) 13.78
F-value 7.56

R? 0.9742

Adj-R? 0.8453
Adeq Precision 9.243

The response surface plots the nitrogen percentage of (L)CNFs after
modification with amines, given by the interactions between four independent
factors (Figure V.35). Therefore, the plots reveal the interaction between
(L)CNFs and amine type as a function of amine concentration and operating
temperature. Based on the outcomes of elemental analysis, it was found that
the AEAPMDS-modified NCs were characterized by a higher concentration
of nitrogen with respect to that modified with APTS. It can be assumed that
amine was bonded to cellulosic nanoparticles. However, due to the chemical
structure, not all hydroxyl groups of NCs are highly reactive [175]. According
to observations presented in the literature, the attachment of modifying
molecules takes place mainly at C6 and C2 and results from regioselectivity
[176,177]. Nevertheless, the obtained nitrogen values were higher than those
presented by Neves et al. (2021) and Kawalerczyk et al. (2022) [175,178].
Regarding the impact of AEAPMDS, it was observed that nitrogen content is
proportional to the amount of AEAPMDS without, however, following a
linear trend. The latter can be ascribed to the limited number of hydrogen
groups, which were progressively consumed by AEAPMDS, resulting finally
in a steady state. Under the present conditions, we observed that the nitrogen
content was not increased in AEAPMDS-(L)CNFs upon increasing the
operating temperature. These results showed that the temperature
modification was not influenced the (L)CNFs modification process;
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meanwhile, the type and the amount of amine added to NCs had a certain
effect on the nitrogen content. The optimum reaction conditions, at fixed 24 h
treatment time and solid-to-liquid ratio (w/w) of 1:10, were identified as
follows: reaction temperature of 70 °C, and amine concentration of 8§ wt%.
Based on these optimum values, about 4% of the amount of AEAPMDS
consumption can be effectively saved AEAPMDS as amine at 8 wt%.
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Figure V.35 3D Surface (left column) and contour (right column) plots of
interaction between independent parameters for nitrogen (%) after (a)
AEAPMDS and (b) APTS modification of NCs.
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V.5.3.2. Optimization of CO; sorption

Next, the effect of (L)CNFs aerogel modified with the two amines at
different concentrations on CO; capture was investigated. Response surface
plots reported in Figure V.36 shows the interactions between reaction
temperature and amine concentration of (L)CNFs modification process on the
CO; adsorption at 25 °C, predicted by third-order polynomial model reported
in Equation V.25.

Y, =0.014 — 0.010 - X; — 0.029 - X, — 0.008 - X3 + 0.003 (V.25)
X, —0.041-X; - X, —0.049 - X; - X5
—0.074- X, - X, — 0.026 - X, - X5 + 0.038
X, X, +0.002- X5 - X, +0.068 - X?
—0.012-X2 —0.173- X, - X, - X3 — 0.036
XX, X, —0.068-X; - X3 X,

The significance of the regression coefficients of the predicted polynomial
model is reported in Table V.13.

Table V.13 Analysis of variance (ANOVA) of the cubic model for the CO;
capture of amine-modified (L)CNFss.

Parameters Value
Mean 0.06
C.V. (%) 4.48

F-value 313.17

R? 0.9994

Adj-R? 0.9962

Adeq Precision 74.505

The interaction between investigated factors was significant (p < 0.01),
suggesting that the combination of NCs, amine type and concentration, and
reaction temperature vary the adsorption of CO,. Moreover, the coefficients
of the equation used for the fitting and the statistics used to test the adequacy
of the model, are demonstrated to be well-fitted by the third-order polynomial
equation expressing the relationship between the experimental parameters and
the response variable. The p-value of the model was < 0.0001, which indicates
that the model is significant, and therefore the independent variables of the
model have a significant effect on the response. The model has a satisfactory
level of adequacy (R?*= 0.9994), indicating a good agreement between the
experimental data and the predicted values.
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Figure V.36 3D Surface (left column) and contour (right column) plots of
interaction between independent parameters for CO; adsorption at 25 °C of
(a) AEAPMDS and (b) APTS modified NCs.
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In the whole investigated domain, the increase in the temperature treatment
induced a decrease in CO; capture, regardless the type of NCs and amine.
More specifically, results in Figure V.37 clearly show that the CO, content
was initially captured in amine-modified (L)CNFs, followed, however, by a
substantial decrease at intermediate concentration. The reason of this volcano
behavior is not clear, and it may be related to the formation of amino silanol
by methoxy hydrolysis in amine at the beginning stages [179].

(a) (b)

0,154 0,154

\\
014 N\

CO2 capture (mmol/g)
L
CO2 capture (mmol/g)

005 0,05

Amine concentration (%) Amine concentration (%)

Figure V.37 Dependence of CO; capture from amine concentration (solid
line) with the indication of the 95% confidence interval bands (dashed lines),
using (a) AEAPMDS and (b) APTS as amine for NCs modification.

The sequence of adsorption capacity is demonstrated by AEAPDM_CNF-
TO > APTS CNF-PFI > APTS CNF-TO > AEAPDM CNF-PFI >
APTS LCNF-PFI > APTS LCNF-TO > AEAPDM LCNF-PFI >
AEAPDM_LCNF-TO. Interestingly, as CO, gas is considered, the order of
adsorption is inversely proportional to the N content of the modified-NCs.
This may also be due to the hindrance effect when the modification occurred,
and the silane is folded, especially for the intermediate and long-chain
aminosilanes. The long-chain of aminosilane probably folded at —N of the
amine as hydrogen bonding between —NH of aminosilanes occurred, as
demonstrated by Nurul Hanisah et al. (2021) [180]. Furthermore, the other
reason for the lower adsorption capacity with higher N content of the amino-
modified-NCs is that the chemical adsorption occurred, which only allowed
for monolayer adsorption. The short-chain aminosilane, with only one N-
group used for grafting interaction, promotes physical adsorption, where
multilayer adsorption is possible [180].
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V.5.3.3. Adsorption kinetics

The CO; adsorption isotherm of CNF-TO modified with AEAPMDS (the
optimized sample for the adsorption of CO;) was tested to reveal their
adsorption capacity for CO, and investigate the variation of adsorption
capacity with the equilibrium pressure (Figure V.38). It was observed that the
adsorption capacity increases with the increase in equilibrium pressures,
which was attributed to the exothermic nature of adsorption. The adsorbed
CO; amount from the desorption isotherm was higher than that of the
adsorption isotherm in the gas phase, according to the usual trend where the
desorption lies above the adsorption one [181].
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Figure V.38 CO: adsorption isotherms of CNF-TO modified with AEAPMDS
at 25 °C.

The most efficient experimental equilibrium data for CO, adsorption
isotherm at 25 °C was assessed by using isotherm models, such as Langmuir
and Freundlich. This analysis studied the mechanism of CO, adsorption onto
the adsorbent. These were well-established adsorption isotherms that were
closely studied for explaining the adsorption mechanisms. Langmuir equation
was derived theoretically through a kinetic approach that assumes that a
homogeneous adsorption mechanism occurs on a monolayer [182]. According
to the Langmuir model (Equation V.26), it assumes uniform energies of
adsorption onto a surface and no transmigration of adsorbate in the plane of
the surface [183]. The model parameters have been determined from the slope
and intercept of plot fitted with the linearized form of the Langmuir model
(Equation V.27).
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The essential features of the Langmuir isotherm may be expressed in terms
of equilibrium parameter Ry (Equation V.28), which is a dimensionless
constant referred to as the separation factor or equilibrium parameter [184].

g0 K, P (V.26)
1=1+k,-P
111 (V.27)
q qo"K.-P qo
1 (V.28)

RL_1+(1+KL-CO)
where q is the adsorption capacity (mmol/g), P is the CO, pressure (mmHg),
Ki is the Langmuir isotherm constant that is related to the energy of
adsorption, qo is the monolayer capacity (mmol/g), and Coy is the initial
concentration of the adsorbate (mmol/g).

From the Table V.14, the correlation coefficient is satisfactory (R* =
0.9940) and indicates good agreement with the experimental adsorption
isotherm. The affinity between the adsorbate and adsorbent was predicted by
using a dimensionless constant called separation factor or equilibrium
parameter, Ri. The Ry value indicates the adsorption nature to be either
unfavorable if Ry > 1, linear if Ry = 1, favorable if 0 <Ry <1 and irreversible
if Rp = 0 [185]. The Ry. value of 2.54x10 indicates that the equilibrium CO,
adsorption at 25 °C was favorable.

Adsorption characteristics for the heterogeneous surface [186] can be
described by fitting with the experimental data to the empirical equation
proposed by Freundlich (Equation V.29), with the linearized formula of
Freundlich isotherm expressed as Equation V.30. The constant Kr is an
approximate indicator of adsorption capacity while 1/n is a function of the
strength of adsorption in the adsorption process [187].

1

=K. Ph (V.29)

logg = %logP + log Kx (V:30)
where Kr is Freundlich isotherm constant, and n is adsorption intensity.
Based on Table V.14, the Freundlich model fitted well and correctly
describes the CO, adsorption isotherm at 25 °C with a correlation coefficient,
R?=0.9980. Opposite to the Langmuir model, the Freundlich model assumes
that several layers of adsorbate can be attached to the adsorbent forming
multilayer adsorption that will take place on the heterogeneous adsorbent. The
importance of 1/n is the Freundlich intensity parameter that indicates the
adsorption strength. A value of 1/n < 1 indicates a normal adsorption
representing greater surface heterogeneity, while smaller values of 1/n
represent that greater heterogeneity is expected. Meanwhile, 1/n > 1
corresponds to driving force or cooperative adsorption [188], which an
adsorbate molecule adsorbed to adsorption site will facilitate next molecule to
be adsorbed. In addition, n values indicate the type of adsorption, wherein n =

326



Advanced and innovative applications

1 indicating the partition between two phases are independent of the pressure
which is linear [188]. Meanwhile, n < 1 corresponds to chemical adsorption
and n> 1 or lies between 1 to 10 is for physical adsorption with the adsorption
is favorable [188,189]. Based on the parameters obtained in Table V.14, the n
value is larger than 1, which indicates that the CO, adsorption onto adsorbents
is favorable and the adsorption phenomenon is expected to be physisorption.

Table V.14 Langmuir and Freundlich model parameters.

Values
Isotherm Parameters Adsorption Desorption
Langmuir qo 178.57 mmol/g 47.85 mmol/g
9o K, - P Ky 140.00 696.67
117K, P R 0.9940 0.8567
Freundlich 1/n; (n) 4-10%; (25,000) 3-10%; (33,333)
q= KF_P% KZF 1.01 1.05
R 0.9980 0.9358

V.5.4. Conclusions

In this study, the synthesis of amine-functionalized nanofibrillated
cellulose is experimentally investigated. In particular, the influences of
experimental parameters, i.e. type of NCs, type of amine, amine concentration
and processing temperature, on the nitrogen content and CO, adsorption
capacity were successfully investigated by experimental design methodology.
The ANOVA showed high coefficient of the determination values (R* of
0.9742 and R? > 0.9994 for nitrogen content and CO, capture, respectively).
The reaction conditions relevant to the modification of CNF-TO by
AEAPMDS were systematically explored through the analysis of adsorption
kinetic. Adsorption and desorption isotherms were well described by the
Langmuir and Freundlich models. This work demonstrates the potential of
amination to functionalize fibers aerogels, offering new opportunities for the
design of novel functional biomaterials with controlled properties.
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Chapter VI
General conclusions and future
perspectives

Large amounts of organic waste are generated in the agro-industrial
processing cycle. The management of this waste, called AFRs, creates major
costs, including both properly disposing of it and reducing the environmental
impact. The circular bioeconomy initiative offers a clear perspective on food
waste handling for minimizing environmental impact. Moreover, AFRs from
processing industries can be a significant source of bioactive compounds that
can be further exploited in the food additive, pharmaceutical, or cosmetics
industries. The extraction of bioactive compounds from organic residues
through conventional solid/liquid extraction methods is well documented, and
despite their financial, environmental, and toxicity limitations, they are widely
used because they can provide significant extraction yields. According to the
findings of this thesis, the use of advanced extraction methods, i.e. HPH
nonthermal process, has achieved considerable increase in phenolic yield with
high antioxidant capacity and decrease in processing time without the usage
of solvents, with remarkable economic and environmental consequences.
AFRs could, therefore, represent a useful feedstock to establish a more
sustainable global society through a biorefinery approach. In this scenario, the
comprehensive utilization of these feedstocks has attracted considerable
interest also for the isolation and recovery of cellulose. Extensive research in
this thesis has been reported for biomass valorization, carried out through the
combination of HPH and mild chemical hydrolysis. The presented results
show the effectiveness of HPH as pre-treatment technique for cellulose
recovery owing to its potential to enhance the accessibility of lignocellulosic
biomass through fluido-mechanical stresses and cell wall disruption.
Following these findings, it is possible to highlight the easier applicability of
HPH-based methods that may represent the solution of choice for the efficient
assisted extraction of bioactive compounds as well as a pre-treatment for mild
chemical hydrolysis toward cellulose recovery.
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Moreover, the choice of the cellulose isolation methodology through non-
conventional mild chemical hydrolysis is dictated not only by consideration
of the advantages for cellulose yield, but also by the improved physico-
chemical characteristics of the cellulosic materials that can extracted, which
can be easily tuned for different advanced applications. Overall, the approach
used enabled to reach remarkable yields (> 22%) of extraordinary high-quality
grade cellulose, as demonstrated by spectroscopic and morphological
analyses. Furthermore, despite it was demonstrated that top-down approaches
for cellulose isolation from low-cost wastes can be successfully carried out,
the biosynthesis of bacterial cellulose through bottom-up approaches was also
investigated in culture media based on black tea and micronized AFRs as a
substitute for sucrose source. The obtained results demonstrated that AFRs-
based bacterial cellulose exhibited similar structure compared to bacterial
cellulose grown with sucrose source, with outstanding antioxidant capacity in
the film due to the incorporation of bioactive molecules from the AFRs culture
broth in the matrix. Additionally, it represented a promising result which can
bring down the cost of bacterial cellulose production.

Cellulose in nanostructured form (nanocellulose, NCs) is of considerable
interest for several outstanding useful features such as high surface area,
tailorability of surface chemistry, better mechanical characteristics, and
anisotropic shape, among others. Extensive efforts have been devoted during
this thesis to the cost-effective production of NCs from pure cellulose and
from AFRs isolated cellulose, through chemical or mechanical processes, and
their combination. To address the biocompatibility together with achieving the
mechanical performances, the key issue was to investigate the effect of
different treatment and processing conditions and define a cascade of
operation according to the end-product application. Herein, NCs has
extensively been used as green nanofiller for improving and modifying the
varieties of advanced products, such as Pickering emulsion, oleocolloids,
composite polymers, and aerogel-based material with high adsorption
capacity.

In summary, this research provided the following outcomes:

O A complete and exhaustive study was reported for the

0 production of Pickering emulsions stabilized with NCs, in

O form of nanocrystals and nanofibers, with good stability
against external environmental stimuli, i.e. pH,
temperature and NaCl.

A novel approach for oil structuring was based on
direct processing via HPH of oil suspension of
lignocellulosic particles, such as wheat middlings, and
subsequent addition of water to form a 3D network
stabilized by interparticle capillary forces. This approach
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offers many advantages in comparison with more
conventional approaches based on oleogelation, namely:
(i) a facile and versatile process, based only on physical
processing, without the addition of undesired ingredients
to the formulation (e.g. gelators); (ii) the replacement of
part of the oil with the fibrous material and water, hence
reducing the caloric intake, while ensuring the desired
mouthfeel, as the oil will still constitute the continuous
phase; (iii) the delivery of bioactive molecules, associated
with the fibours particles, when obtained from agri-food
residues or other biomass, still rich in valuable
compounds, with an antioxidant effect on the oil and
expected health-beneficial effects also on consumers; and
(iv) the high transferability of the proposed approach,
enabling to tune color, flavor, and taste of the structured
oil, depending on the desired application.

A feasibility study was carried out for the production
of NCs-based edible films incorporated with essential oil
or emulsions as sustainable food packaging systems with
antioxidant/antimicrobial properties to prevent the
oxidative deterioration of strawberries. The antimicrobial
properties of the edible films were significantly enhanced
when essential oil was incorporated, and the bacteriostatic
effect of films depended mainly on the form of emulsion.

The suitability of NCs-based aerogels was assessed for
applications in the areas of adsorption, due to the
environmentally-friendly renewability, biocompatibility,
and biodegradability of cellulose, as well as due to the
excellent properties of NCs aerogels such as low density,
high porosity, and a high specific surface area. Herein it
was demonstrated the cationic dye adsorption efficiency
of the NCs-based aerogel is higher than 80% and therefore
can be considered promising adsorbent for the treatment
of dye wastewater.

Advances in  amine-functionalized  cellulose
nanomaterials for CO, capture was reported. Surface
modification of NCs gave rise to a change of the
predominant surface functional groups. An increase in the
amount of chemisorbed on NCs has been achieved with
the introduction of polar nitrogen functionalities. The
amine-modified NCs-based aerogel was successfully
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prepared by freeze-drying. The existence of basic
nitrogen-containing functionalities was thought to lead to
higher CO, uptakes; however, there was no explicit
relationship between them. Despite this, the adsorption of
CO; still confirmed that in this study, the influence of high
porosity functionalized aerogels on CO, adsorption was
prevailing.

Additional studies are still ongoing to investigate the effect of NCs on
others innovative applications, such as food packaging and paper products.
Further research activities need to be conducted to fill current gaps through
the practical transition from laboratory scale to industrial or commercial
production and achieve the feasibility of the final advanced materials and
introduce them in the market, in particular, (i) application of life cycle
assessment to the environmental aspects of NCs isolation from AFRs and
NCs-based materials; (ii) elucidate the role and interaction between the
proposed cascade isolation routes and the processed biomass, with the purpose
of developing a technological platform to give value to disparate AFRs
sources, thus increasing the availability of high-added molecules; and (iii)
focus the research on the effects on the new food product quality with the
addition of NCs-based Pickering emulsions or oleocolloids, in terms of the
texture in food systems, in vitro digestion, microbial stability, and
organoleptic and sensorial properties. Despite the above-mentioned
challenges, NCs-based materials will certainly improve people's quality of life
in the future through the development of the next generation of materials.
Furthermore, the approach and the results achieved in the frame of this thesis
work hopefully will represent a useful basis for opening up new scenarios in
the frame of biorefinery processing, bearing in mind the “sustainability”
concept to be fulfilled.
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