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Abstract: The European food sector generates about 250 million ton/year of by-products and waste,
of which around 10% is from fruit and vegetable processing, with a heavy environmental burden.
The agri-food residues (AFRs) contain a significant fraction of cellulose and bioactive compounds,
which, if recovered, are high added-value material components. The reduction of cellulose down to
nano-sized crystalline structures (nanocellulose, NC) provides versatile building blocks, which self-
assemble into new materials with superior performances. The PANACEA project, within the frame
of PRIN 2017 call supported by the Italian Ministry of University and Research, proposes an ap-
proach based on the recovery of cellulose and bioactive compounds from AFRs, with high yield, at
various degrees of hierarchical organization, by cascading different physical and chemical processes
of increasing complexity, including physical processes and microbial digestion to obtain micro-and
nano-sized cellulose structures while preserving their bioactivity. Chemical and enzymatic pro-
cesses are used to isolate, purify, and functionalize NC at different levels of hierarchical organiza-
tion, and to design advanced functional materials such as food ingredients, edible coatings, func-
tional colloids, biocides, and flame retardants.

Keywords: process engineering; food additives and residues; integrated and sustainable manage-
ment of resources and residues; synthesis of biomaterials; biomaterials; cellulose

1. Introduction

The European food sector generates about 250 million ton/year of by-products and
waste, of which around 10% is from fruit and vegetable processing [1,2]. Such residues
are mainly used as animal feed, fertilizers, or dietary fiber. However, a large part is dis-
carded, with a heavy environmental burden [2,3]. In line with the Horizon 2020 objectives,
the following challenges to the sustainable valorization of agri-food residues (AFRs) can
be identified:

e  Simple, sustainable, and environmentally friendly processes;
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e  Cost-effective process cascades to valorize added-value compounds;
e Development of new functionalities and application markets.

The AFRs on average consist of a significant fraction of non-starch polysaccharides
(35-60% dietary fiber), including pectins (2-13%), cellulose (7—44%), hemicelluloses (4—
33%), lignins (15-69%), and gums, depending on the source [4,5].

In particular, cellulose is one of the building blocks of plant life, and the most abun-
dant organic compound on earth [2]. Owing to its hierarchical structure, and the organi-
zation of its elementary nanofibrillar components in natural fibers, cellulose confers
unique properties to different species of plants, and high mechanical strength and high
strength-to-weight ratio while allowing for significant flexibility [6].

Cellulose can be broken down to produce nano-sized crystalline structures collec-
tively referred to as nanocellulose (NC). NC exhibits advanced functionalities, which may
contribute to add value to existing materials or develop new ones, by conferring superior
performances and extensive applications, i.e., in polymer, textile, pharmaceutical, bio-
medical, and food industries [7].

Despite wood NC being generally considered a green material, its production pro-
cess is environmentally unfriendly, and its large-scale utilization would contribute to de-
forestation. Therefore, more sustainable sources such as AFRs, and greener production
routes are desired. Furthermore, AFRs still contain precious nutrients that can be recov-
ered by designing specific product transformations.

The PANACEA project (a technology platform for the sustainable recovery and ad-
vanced use of nanostructured cellulose from agri-food residues) aims to develop a tech-
nology platform able to process AFRs for the recovery of cellulose and high value-added
compounds to be used as building blocks to develop more sustainable advanced materials.

The specific objectives of the project are

O.1 Production of intermediate cellulose materials with bioactive molecules from AFRs
by proprietary high-pressure technology.

0.2 Microbiome selection to degrade intermediate cellulose products.

0.3 Development of processes to isolate, purify, functionalize, and characterize NC at
different levels of hierarchical organization.

0.4 Design of advanced functional materials such as food ingredients, edible coatings,
functional colloids, biocides, and flame retardants.

The proposed approach is to develop a strategy to recover cellulose from AFR at dif-
ferent degrees of hierarchical organization by cascading different physical, chemical, and
enzymatic processes of increasing complexity, as sketched in Figure 1. The initial treat-
ments (mainly physical processes) are the simpler ones and can be carried out at the site
of origination of the AFRs, while the following more complex ones require centralized
and specialized sites.
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Figure 1. Sketch of the envisioned recovery of different hierarchical nanocellulose (NC) structures
from agri-food residues (AFRs) for advanced applications.
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2. State of the Art

NC can be derived from a variety of sources. Wood sources contain relevant amounts
of hemicellulose and lignin, hence requiring intense mechanical or chemical treatments.
Therefore, low-lignin raw materials and non-wood sources are receiving increasing atten-
tion [8]. Cellulose is present in almost all the AFRs, although in different amounts and
with different properties in terms of accessibility and morphology. The major cellulosic
wastes from agri-food industries are damaged fruits, vegetables, grains, and post-pro-
cessing residues (peels, seeds, leaves, husks, pomaces, etc.) [9]. Almost any cellulosic ma-
terial can be considered as a potential source of cellulose nanocrystals/fibers, differing in
the availability of the material, percentage of cellulose, yield of recovery, and size of the
isolated NC structures.

NC can be divided into two main categories: (i) cellulose nanocrystals (CNC) or cel-
lulose whiskers and (ii) cellulose nanofibrils (CNF) [8]. CNC are compact, rod-like, and
almost crystalline in nature, while CNF are entangled networks of fibers with some kinks
and amorphous regions. In both cases, the polymer chains are inter-connected by a strong
hydrogen bond network and Van der Waals interactions [10].

Several production routes of NC have been reported and extensively reviewed
[8,11,12]. The first step usually consists of alkali, bleaching, or cooking treatments of the
raw material to obtain pretreated cellulose, followed by a mechanical defibrillation pro-
cess. Dry milling leads to fiber shredding, rather than elementary fibril delamination (poor
mechanical properties) and, therefore, wet milling in an aqueous medium is preferred to
loosen the inter-fibrillar hydrogen bonding.

Biological (enzymatic hydrolysis) and chemical pretreatments (carboxylation, sul-
fonation, carboxymethylation, quaternization) might integrate or replace mechanical dis-
integration and reduce energy costs but may strongly influence NC properties.

The currently available techniques generally yield a wide size distribution of pro-
duced CNF with some non-fibrillated residual fibers. Thus, it is very important to develop
efficient fractionation tools, possibly integrated into the mechanical process for retrieving
the undesired large fragments, for further disintegration.

Several remarkable NC properties (mechanical, chemical, and optical) have been ex-
ploited to develop NC-based advanced materials. For example, NC is used in biomateri-
als, energy storage, water treatment, and composite materials [13]. In foods, due to its
rheological behavior and water absorption, NC can find use as (i) a stabilizing or emulsi-
fying agent, (ii) a functional food ingredient, or (iii) in food packaging [14].

The PANACEA project aims to significantly advance the knowledge in the field of
cellulose recovery from AFRs by investigating the tailored valorization of different AFRs,
ranging from total extraction (cellulose and bioactive molecules) for food ingredients to
the production of CNF and CNC with defined functionalities, as well as contributing to
developing greener and more sustainable processes while preserving raw material func-
tionalities. The cascading approach consists of exploiting purely physical processes in the
initial treatment steps (eventually combined with mild enzymatic reactions), followed by
chemical functionalization, in order to transform CNF and CNC into added-value fine
chemical building blocks for advanced materials. The PANACEA project has also the am-
bition to contribute to opening new routes (from extraction to application) for the valori-
zation of AFRs into sustainable and high performing materials, characterized by im-
proved gas barrier properties or flame-retardant characteristics, as well as developing ad-
vanced materials for the food industry (edible coatings, ingredients, and packaging) and
foams and textiles with biocide, gas-barrier, and fire-retardant properties.

3. Methodology

PANACEA is organized into four work packages (WP), shown in Figure 2, with cas-
cading processes for recovering cellulose from different AFRs (WP1) and transforming
them into functional nanostructures at different levels of hierarchical organization (WP2),
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which are characterized (WP3) and exploited in different materials or applications (WP4).
Dissemination activities (WP5) involve the foreground generated in all the research work
packages.
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Figure 2. Schematics of the project methodology expressed as networked work packages.

3.1. WP1—Cellulose from Agri-Food Residues

WP1 addresses developing a sustainable strategy for the integrated valorization of
AFRs through the recovery of cellulose and other added-value compounds. It is articu-
lated in the following tasks:

T1.1: Ad hoc pre-treatment of different AFRs, selected also on the basis of their availability
during the year (tomato peels and wheat straws, available in summer; coffee ground
residues and rice bran, available all year round; grape marcs, available in summer
and fall; orange peels, available in winter), chemical characterization and assessment
of extractability of cellulose by conventional technologies.

T1.2: Application of proprietary high-pressure homogenization (HPH) technology to mi-
cronize the residues in water and completely disintegrate the vegetable cells, unlock-
ing all the intracellular and structural materials. Fractionation of the micronized res-
idues is integrated into the HPH in order to recover insoluble fibers, enriched with
bioactives, for food applications [15], for further processing (WP1 and WP2), or for
film-forming materials.

T1.3: Separation of hemicellulose-lignin—cellulose, which is carried out via conventional
chemical fractionation on the basis of double acid/basic step hydrolysis or by a high-
pressure/high-temperature autohydrolysis step. Combination of the HPH treatment
with chemical or enzymatic pre-treatments or post-treatments allows for the ability
to specifically target the recovery of cellulose and NC (preparatory to WP2).

3.2. WP2 —Fabrication of NC Structures

WP2 is addressed to the fabrication of NC structures (CNC, CNF) with tunable size, crys-
tallinity, and surface properties in order to bridge the gap between the production of cellulose
and cellulose hybrids and the final applications. It is articulated in the following tasks:

T2.1: Size-reduction of NC and variation of the ratio between crystalline and amorphous
regions, via harsh chemical oxidation or mild enzymatic lysis, in order to produce
CNF or CNC. The enzyme-mediated biological degradation is applied to fringe the
crystallites, providing a site for the easier introduction of functional groups (T2.3).
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T2.2: Study of wet milling processes, such as HPH, ball milling, or ultrasounds, to (i) im-
prove the water dispersion of NG, (ii) tailor the average length and diameter of CNF,
(iii) activate the CNF surface in view of further chemical modifications, and (iv) par-
tially disintegrate the amorphous cellulose chains while maintaining contact with the
crystalline body for the formation of protruding soft biopolymer chains.

T2.3: Reaction protocols for NC functionalization. CNC and CNF are supramolecular
structures only marginally stable in solution. Amination enables the formation of hy-
brid materials with greatly different mechanical properties, or the production of pol-
yampholytes, which undergo optimized interaction with biological systems [16].
Phosphorylation might contribute to developing flame-retarding properties.

T2.4: Functionalization with limonene through (i) physical immobilization in NC hydro-
gel microbeads to protect limonene from oxidation, increase the water dispersion,
and enable its controlled release, or (ii) covalent bonding to CNC for fabricating
building blocks, eventually hybridized with inorganic fillers (silicates or graphene
oxide), in order to develop antimicrobial materials with controlled release properties.

3.3. WP3 —Structural and Functional Characterization

WP3 focuses on NC characterization in terms of yields; purity; and physicochemical,
structural, and functional properties through the following tasks:

T3.1: A multi-technique approach is applied to the products obtained from WP1 and WP2,
on the basis of infrared spectroscopy (FTIR), solid-state NMR spectroscopy, scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffrac-
tion (XRD), and thermal and thermogravimetric analysis. The size of cellulose ag-
glomerates dispersed in water and the stability of the dispersions are evaluated by
dynamic light scattering and the specific surface area through gas sorption tech-
niques. The cellulose purity (content of lignin, cellulose, and hemicellulose) and the
degree of fibrillation are also determined.

T3.2: The influence of the wet milling processes on the bio-accessibility (through the sim-
ulated digestive process) of bioactive compounds and fibers is evaluated.

T3.3: The filming capacity of the micronized residues or the separated fractions is assayed
through the addition of suitable additives (such as food-grade plastifying agents) to
obtain edible coatings for innovative food applications, such as encapsulation of fruit
purees/juices.

T3.4: Evaluation of the gas barrier properties of cellulose and NC recovered in WP1 and
WP2.

T3.5: Determination of rheological properties of cellulose and NC in terms of shear stress
and viscosity of NC suspensions at equilibrium.

T3.6: The cellulose yields, purity of NC, and associated energy, water, and reagent con-
sumptions are determined to contribute to process sustainability assessment.

Through an iterative process, the results obtained in WP3 allow the optimization of
the processes described in WP1 and WP2.

3.4. WP4 —New Materials and Applications

WP4 is addressed to the exploitation of NC-based colloids for food applications, as
well as pursuing water-based deposition processes for gas barrier properties or flame-
retardant characteristics, and biobased nanocomposites with advanced properties. It is
articulated as follows:

T4.1: Development of edible coatings, antimicrobial varnishes, and oil structuring materi-
als using the cellulose-based output materials from WP1.

T4.2: Water-based deposition process for NC-based colloids (from WP2) on selected sub-
strates (biobased films, flexible foams, and fabrics), as schematized in Figure 3.

T4.3 Packaging films treated with gas barrier coatings are tested, evaluating oxygen and
water vapor permeability at different temperatures and relative humidity values.
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T4.4 Gas barrier coatings are tailored to limit the coating swelling in a humid environment
in order to prevent the loss of gas barrier properties. The development of cross-link-
able coatings will also improve the washing and deformation cycle resistance prop-
erties for long-term applications for textile and flexible foams, respectively.

Simple One step
NFC or CNC adsorption dipping
from WP2 deposltlon procedure

Multi
1 step

J dipping

\@ Qusmon |

Nanocellulose-Polyelectrolyte
complexes

—

One step dipping
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Packaging film with improved

> gas barrier propertles

e

Flame retardant foams
and textiles

Figure 3. Schematics of NC water-based depositions processes on different materials.

T4.5 Fabrics and foams treated with flame-retardant coatings are thoroughly character-
ized for flame retardancy. Flammability and cone calorimetry tests permit the check-
ing of the efficiency of the deposited coatings in a realistic fire scenario when free
flames can propagate.

T4.6 Realization of advanced nanocomposite films, on the basis of polylactic acid (PLA),
and poly(e-caprolactone) (PCL), and foams, on the basis of biopolyurethanes (bioPU)
containing NC as nanofillers and treated with high gas barrier coatings and flame-
retardant coatings. These materials will also be tested as flame retardants.

T4.7 CNC as a stabilizer to form Pickering emulsions. Emulsions properties and stability
is studied vs. solvent parameters, in strong collaboration with the characterization
techniques of WP3.

T4.8 Antimicrobial films and coatings are developed, exploiting the natural antimicrobial
properties of total extracts from the residues (WP1) and immobilized limonene
(WP2).

4. Discussion

Several elements of novelty are involved in this project. First of all, the application of
proprietary technology (modified HPH system) represents an original approach to de-
velop a simpler and greener recovery of cellulose by avoiding/reducing chemical pretreat-
ments and using only coarsely milled materials. The aqueous AFR suspensions obtained
by HPH are made of finely milled cellular debris, where cellulose is partly defibrillated
and activated. This technology has already been tested on tomato peels, spent coffee
grounds, sesame seeds, and vegetable tissue [16-18]. The full exploitation of micronized
by-products in final products, such as edible coatings and films, or oil structuring systems,
investigated in WP4 by combining partly activated cellulose with other bioactives natu-
rally contained in the residues [15], also represents an original approach.

The use of high-pressure/high-temperature autohydrolysis to increase CNC yield
also represents a novel approach, especially in combination with the HPH treatment, as it
is expected to greatly influence the separation of cellulose from the other components.
Finally, the combination of intensive wet milling with enzymatic treatments has not been
studied previously.
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The tailored use of enzymes to achieve high yields of NC with higher selectivity,
lower energy costs, and milder operating conditions than chemical processes [17], as well
as the use of cellobiome of bacterial origin to obtain NC of variable size and relative con-
tent of amorphous and crystalline domains [18], represent other elements of novelty in
cellulose recovery from AFRs.

Advancement of the knowledge can also be expected from exploiting physical treat-
ments, such as ball milling or HPH, to induce the formation of highly amorphous nano-
metric cellulose particles as well as CNF with an average diameter of about 100 nm, also
in combination with mild hydrolysis conditions. The obtained NC will be subjected to
chemical modification, for example, through the development of novel thiol-ene reactions
to covalently attach limonene to CNC and CNF, for improving its potential application in
different fields. For example:

1.  The suspensions, where intracellular compounds are fully unlocked, and cellulose is
partly defibrillated (WP1), will be used for oil structuring, or active coatings contain-
ing natural antioxidant compounds and proteins, as preliminary demonstrated in pi-
oneering works [15].

2. The CNC compact nanostructures, thanks to the hydroxyl groups exposed at the sur-
face, provide the interface for the self-assembly of the individual nanostructures into
macroscopic phases such as hydro- or aerogels, foams, and films, or chemical modi-
fication, opening new opportunities for innovative applications.

3. Replacement of traditional flame-retarding polymers, based on halogenated addi-
tives, posing severe environmental and health concerns, with approaches employing
NC as building block for gas barrier and flame retardancy coatings,

4.  Enhancement of biopolymer gas barrier properties thanks to the use of NC in either
multilayered high barrier thin coatings or as biobased filler.

5. Realization of novel biobased or biodegradable polymer nanocomposite films (PLA,
PCL) with advanced gas barrier properties and biobased nanocomposite foams (bi-
oPU) with advanced flame-retardant properties, obtained by the effective embedding
of properly functionalized NC within the polymer matrices and the application of
functional NC-based coatings.

6. Nanoparticle-stabilized emulsions (Pickering emulsions) form more stable suspen-
sions than soluble surfactants. CNC is a promising yet underused material to develop
such systems because of the large surface energy and the possibility to control the
surface chemistry. Emulsion droplet size depends on the size of NC particles, which
is hence the critical parameter to be controlled in WP2.

7. Terpenes (i.e., limonene) are a versatile chemical platform for new synthetic building
blocks. The combination of bioactivity and reactivity of limonene with the mechani-
cal and structural properties of CNC is expected to add functionalities, particularly
as natural biocides and pest-control agents, and flame-retardant materials, which
have not been explored before.

5. Conclusions

The PANACEA project, within the frame of PRIN 2017 call supported by the Italian
Ministry of University and Research, proposes an approach on the basis of the recovery
of cellulose and bioactive compounds from AFRs, with high yield, at various degrees of
hierarchical organization, by cascading different physical and chemical processes of in-
creasing complexity. More specifically, physical processes and microbial digestion are ex-
ploited to obtain micro-sized cellulose structures while preserving their bioactivity.
Chemical and enzymatic processes are used to isolate, purify, and functionalize NC at
different levels of hierarchical organization, as well as to design advanced functional ma-
terials such as food ingredients, edible coatings, functional colloids, biocides, and flame
retardants.
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