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Introduction

Globally, it is estimated that until 2050 the food supply will register a
growth rate of approx. 50%, due to the intensification of the population
development process. Therefore, with the increase in the demand for food,
there will be an increase in the need for food packaging materials [1]. The
packaging industry is currently under double pressure to improve
environmental performance and sustainability. Starting from these
requirements, there is a need to develop a new generation of packaging with
the same technical performance as the materials currently used but with
demonstrated recyclability and biodegradability [2]. The packaging material
and the product to be packaged should be considered as a unitary system
even from the design phase of the material to match the properties of the
food, the packaging thus becoming an integral part of the food [3].

Currently, the packaging materials used are products obtained from
resources based on fossil fuels (petroleum), based on hard-to-degradable or
non-degradable synthetic polymers, with a negative impact on the
environment and sustainability [4, 5]. In this context, there is a real need to
develop sustainable packaging materials by using renewable and natural
resources with low impact on the environment and human health. Adoption of
biopolymers as food packaging materials should no longer be viewed as an
option but as a necessity [6]. Compared to conventional synthetic polymers,
packaging materials based on biopolymers obtained from renewable
resources offer important environmental benefits such as recyclability,
biocompatibility, low toxicity, including reusability and circularity
characteristics. The potential of natural biopolymers, from renewable sources,
to be used to obtain foils and edible food films or food packaging papers has
attracted the attention of researchers around the world [7-9].

Among the biopolymers, polysaccharides have attracted attention as
the main candidates for replacing the currently used synthetic polymers
because they are non-toxic and biodegradable and have a film-forming
capacity that contributes to ensuring good barrier properties to gases, flavors
and liquids. In this context, packaging obtained from cellulosic materials
(paper and cardboard) are considered the main substitutes for plastic
materials considering their inherent advantages of being cheaper than other
materials, easily recyclable and biodegradable and easy to transform into
different forms of packaging with determined strength and stiffness. In
addition, paper and cardboard packaging are lightweight, easier to print, and
are much more resistant over a wider temperature range compared to other
materials used for packaging, such as glass and plastic packaging [8].

After cellulose, hemicelluloses represent the second most abundant
class of polysaccharides in nature, representing a promising source of
renewable materials for obtaining value-added products [10-15]. Xylans
represent a significant group of hemicelluloses that are currently used at a
reduced level in the food industry.
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They are available in large quantities in wood products, agricultural
residues or as by-products from the manufacture of chemical pulp [16-18].
There is a multitude of under-exploited renewable biomass resources for
hemicelluloses and value-added products. The primary and secondary cell
walls of woody and annual plants (cereal straw) contain about 20-35%
hemicelluloses, and the content varies depending on the biomass source as
follows: hardwood (40%), softwood (35%) ), corn stalk (31%), corn cobs
(28%), barley straw (38%), wheat straw (32%), rice straw (24%), rye straw
(36%), various agricultural residues (30%) and green algae (50%) [19-22].

The use of xylan in industrial applications is mainly limited by its strong
hydrophilic character which is due to the large number of free hydroxyl groups
distributed in its structure [23]. However, the presence of hydroxyl groups is
also an advantage for the chemical modification of xylan by attaching
hydrophobic groups to hemicellulose chains using a variety of chemical
reactions. In this way, xylan derivatives gain importance as the basis of new
biopolymeric materials or functional biopolymers with the potential for use in
obtaining packaging for food products.

The doctoral thesis entitted "Research on obtaining biopolymeric
mixtures based on hemicellulose intended for biodegradable packaging
for food products” focused on the study of the potential use of xylan-type
hemicelluloses, from renewable plant sources, to obtain biopolymeric and
composite mixtures for various specific applications from the field of
biodegradable food packaging, such as food packaging films and papers,
meeting the requirements imposed on them by the food industry and by
consumers regarding specific properties (mechanical resistance, barrier to
water, gases, oils and fats, resistance to microbial and fungal attack), to
ensure the maintenance of the quality of packaged food, the increase of
storage time in food safety conditions, the health of people and the protection
of the environment.

The research carried out during the doctoral studies aimed at the
following scientific objectives:

» Characterization, testing and evaluation of the performance of xylan-type
hemicelluloses from different plant sources in their native state, when
obtaining food packaging in the form of films or coating formulas for the
surface treatment of packaging paper;

» Obtaining and characterizing two xylan-type hemicellulose derivatives
from beech wood based on chemical modification through esterification
reactions, in order to optimize the functional properties by introducing
some hydrophobic groups into the chemical structure, followed by the
evaluation of their performances by using them in different formulas of
coating applied to the surface of packaging papers and testing the
obtained coated papers regarding the specific properties of food
packaging papers;
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» Obtaining and characterizing biopolymeric mixtures, based on native xylan
or derivatives of xylan and other biopolymers (nanocrystalline cellulose
and chitosan) or chemical compounds with recognized active properties
(ZnO and CuO nanoparticles, Lophanthus essential oil), used in different
coating formulas applied to the surface of the packaging papers and the
testing of the obtained coated papers regarding the specific properties of
the food packaging papers;

» Evaluation of the functional properties required for contact with food
(behavior in different food simulants, migration of components,
antibacterial, antifungal properties and antioxidant capacity) of papers
coated with different types of xylan biopolymeric mixtures;

» Evaluation of the biodegradation capacity of food packaging papers
obtained by applying different coating formulas based on xylan
hemicellulose biopolymeric mixtures;

» Evaluation of the behavior of food packaging papers coated with different
xylan hemicellulose biopolymeric dispersions in situ contact with different
categories of food (fresh vegetables, dairy products, products with a high
content of oils and fats) and testing their capacity to ensure the
maintenance of the quality of the packaged products.

The doctoral thesis is structured in two parts and 11 chapters, as
follows:

I. THE DOCUMENTARY STUDY, entited "THEORETICAL
CONSIDERATIONS RELATED TO OBTAINING AND USE OF
BIODEGRADABLE FOOD PACKAGING", includes two chapters in which are
presented recent data from the specialized literature on food packaging,
starting from the need to use biodegradable packaging, which is
advantageous for the environment environment and which do not endanger
the health of people or other living things, and continuing with the
identification of solutions to replace synthetic polymers with biopolymers
obtained from renewable resources, as follows:

CHAPTER 1, entitled "THE CURRENT STATE OF OBTAINING AND
USING BIODEGRADABLE PACKAGING", presents current trends in the
packaging industry, statistical data on the use of biodegradable packaging,
the need to use biopolymers from renewable resources, their description and
classification, the types of biopolymer materials used to obtain packaging
food and the properties imposed on them in contact with food. Among
biopolymers, polysaccharides are the biopolymers most used to obtain paper
food packaging, and among polysaccharides, xylan hemicelluloses are
considered biopolymers with potential application in obtaining biodegradable
packaging materials on a large scale.

CHAPTER 2, entitled "XYLAN HEMICELLULOSES, BIOPOLYMERS
WITH POTENTIAL APPLICATION IN THE OBTAINING OF
BIODEGRADABLE PACKAGING MATERIALS", presents methods of
obtaining xylan from renewable resources such as lignocellulosic biomass,
the characterization of xylan from a chemical, structural point of view and the
properties necessary to obtain packaging, the use of xylan to obtain food
packaging until now, as well as the limits of large-scale use in industrial
applications, chemical modification methods used to obtain xylan derivatives
with optimal properties for use in obtaining food packaging.
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Il. THE EXPERIMENTAL STUDY, entitted "RESEARCH ON THE
OBTAINING OF BIOPOLYMERIC MIXTURES BASED ON XYLAN
HEMICELLULOSE USABLE FOR THE PACKAGING OF AGRO-FOOD
PRODUCTS?", includes the results of the research studies carried out
throughout the duration of the doctoral studies and is made up of seven
chapters briefly presented below:

CHAPTER 3, entitled "THE OPPORTUNITY AND OBJECTIVES OF
THE THESIS, MATERIALS, METHODS AND TECHNIQUES ", presents the
purpose and objectives of the doctoral thesis, the materials, equipment,
methods and work techniques used in the experimental study.

CHAPTER 4, entitled "PRELIMINARY STUDY ON THE ANALYSIS OF
XYLAN HEMICELLULOSE REGARDING THE PROPERTIES NECESSARY
TO OBTAIN PACKAGING FOR FOOD PRODUCTS", presents the results of
the structural characterization of xylan hemicelluloses in their native state
using analytical and spectroscopic techniques, the results of their testing for
the purpose of evaluating the performance in obtaining packaging food as
edible films or coating formulas of food packaging paper, the limitations of
use in the native state that require structural modification by various chemical
methods.

CHAPTER 5, entitled "RESEARCH ON THE OPTIMIZATION OF THE
FUNCTIONAL PROPERTIES OF XYLAN HEMICELLULOSE FOR THE
PURPOSE OF USE IN OBTAINING PACKAGING FOR FOOD PRODUCTS",
presents two methods of chemical modification of native xylan through
esterification reactions, namely acetylation with alkyl dimer ketenes (AKD),
respectively with acetic anhydride, the results of the structural
characterization of the obtained xylan derivatives, the results of their testing
for the purpose of performance evaluation in obtaining food packaging papers
by using in various paper surface treatment formulas.

CHAPTER 6, entitled "TESTING XYLAN DERIVATIVES IN COMPLEX
FORMULAS TO OBTAIN FOOD PACKAGING", presents two methods of
chemical modification of native xylan through esterification reactions, namely
acetylation with alkyl dimer ketenes (AKD), respectively with acetic anhydride,
the results of the structural characterization of the obtained xylan derivatives,
the results of their testing for the purpose of performance evaluation in
obtaining food packaging papers by using in various paper surface treatment
formulas.

CHAPTER 7, entitted "EVALUATION OF THE BIOACTIVE
PROPERTIES OF PAPERS COATED WITH XYLAN HEMICELLULOSE-
BASED BIOPOLYMER DISPERSIONS", presents the results obtained when
testing papers coated with different coating formulas, from the perspective of
the requirements imposed on packaging that comes into contact with food,
namely the evaluation of antimicrobial properties, antioxidant capacity,
migration of components, behavior in food simulants, in order to identify the
optimal formulas of surface coating that can ensure compliance with these
requirements.
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CHAPTER 8, entitled "ASSESSMENT OF THE BIODEGRADATION
CAPACITY OF FOOD PACKAGING PAPERS BASED ON XYLAN
HEMICELLULOSE DISPERSIONS", presents the results obtained in the
evaluation of the biodegradability of packaging papers coated with different
formulas based on xylan hemicellulose by determining the biodegradation
rate, the CO2 production capacity after soil burial and analyzing structural and
microbiological properties of biodegradation products.

CHAPTER 9, entitled "TESTING OF PAPER PACKAGING COATED
WITH BIOPOLYMER DISPERSIONS BASED ON XYLAN HEMICELLULOSE
IN CONTACT WITH FOOD", presents the results obtained when testing the
protective capacity of papers coated with formulas based on xylan
hemicellulose by packaging different types of food, storing them in controlled
conditions and analyzing the packaged food from a physico-chemical,
sensory and microbiological point of view at the expiration of the periods of
storage. At the end of each chapter of the experimental study, a series of
partial conclusions and final conclusions are presented.

CHAPTER 10, "FINAL CONCLUSIONS", presents the main
conclusions resulting from the experiments carried out.

CHAPTER 11, "ORIGINAL CONTRIBUTIONS AND PERSPECTIVES
FOR FURTHER STUDIES", describes the main contributions with impact in
the development of knowledge in the tipic addressed and the proposed
perspectives for further studies.

CHAPTER 12, "VALORISATION OF RESULTS", presents the method
of disseminating the results obtained in the PhD thesis.

The PhD thesis comprises 282 pages, including 155 figures and 71
tables. The documentary study represents 20% and the experimental part
80%.

The research results were capitalized by the elaboration of 7 scientific
articles published in ISI indexed journals (MDPI: Polymers, Sustainability,
Coatings, BioResources), 1 scientific article published in BDI indexed journals
(Bulletinul Institutului  Politehnic din lasi: Department of Chemistry and
Chemical Engineering), as well as 18 communications at representative
scientific events in the field both abroad and in the country.

Part of the results were obtained within the project: PN-III-P4-PCE-
2021-0714, Innovative and sustainable strategies for obtaining hemicellulose-
based coatings with properties suitable for active food packaging paper-
SustHC_CoatPack, Contract PCE 22 / 2022.

The thesis was carried out under the scientific coordination of Prof. univ.
dr.eng.habil. Petronela NECHITA, as PhD supervisor, and of the scientific
committee composed of: Prof.univ.dr.eng. Gabriela Elena BAHRIM,
Prof.univ.dr.eng.habil. Rodica Mihaela DINICA and Associate Prof.dr.eng.
Vasilica BARBU.
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CHAPTER 4. Preliminary study on the analysis of xylan
hemicellulose regarding the properties necessary to obtain
packaging for food products

In this chapter are presented the results of the preliminary evaluation of the
potential for the use of xylan-type hemicelluloses in their native state for the
packaging of food products starting from the main objective of this doctoral
thesis, namely the evaluation of the opportunities to replace the currently
used synthetic polymers with biopolymers obtained from lignocellulosic
materials that fall into the category of renewable resources.

4.1. Structural characterization of xylan hemicelluloses by analytical
and spectroscopic techniques

In the experimental program were used two types of xylan-type
hemicelluloses, obtained from different plant sources, one from hardwood
(beechwood) and the other from annual plants (corn cobs), purchased from
the same manufacturer. These were initially evaluated based on direct visual
analysis and water solubility testing.

The appearance

The two xylan-type hemicelluloses have different appearance, they are
easily differentiated depending on the vegetable source due to the
appearance, as shown in figure 4.1.

The empirical formula (CsHgOa)n "

i

Molecular mass [g/mol] (132)n
Physical condition solid (powder)
Color
I . beige-brown [ white

(a) (b)
Figure 4.1. Xylan-type hemicelluloses in native state: (a) beech wood xylan, (b)
corncob xylan

Water Solubility

Hardwood xylan (beechwood) is soluble in distiled water at 20°C,

dissolution needs vigorous stirring and addition of distilled water in small
portions for homogenization. The resulting solution has a light brown color,
slightly opalescent, with a tendency to agglomerate and foam slightly when
stirred, weak aromatic odor, pH of the solution = 4.92/(t=21.9°C).
Xylan from annual plants (corn cobs) is easily soluble in distilled water at
20°C, dissolution occurs immediately. The resulting solution is colorless, clear,
without the tendency to agglomerate or foam when stirred, odorless, the pH
of the solution = 5.09/ (t=21.1°C).

Structural characterization by FT-IR analysis

The FT-IR spectra recorded by FT-IR analysis (ATR) for the two types of
xylan analyzed, in the spectral range between 4000-400 cm™, are presented
in figure 4.3.

10
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(a) (b)
Figure 4.3. FT-IR spectra of the xylan-type hemicelluloses used:
(a) xylan from beech wood, (b) xylan from corn cobs

FT-IR analysis of xylan-type hemicelluloses obtained from different plant
sources as well as data from the literature studies confirmed that the
structural diversity and complexity of xylans are dependent on the plant
source from which they were obtained.

4.2. Testing xylan hemicelluloses in their native state to obtain
packaging for food products

In this stage of the experimental study, the evaluation of the performance
of xylan-type hemicelluloses in their native state was aimed both from the
point of view of the ability to form edible films, with potential use in the
treatment of fresh vegetables in order to maintain quality during storage, as
well as for cases where they are used as additives to improve barrier
properties in surface coating formulations for food packaging papers.

4.2.1. Evaluation of the performances of xylan hemicelluloses in
obtaining films with potential for use in the packaging of agro-food
products

Evaluation of the film-forming capacity of xylan-type hemicelluloses

From the two types of xylan-type hemicelluloses in their native sate,
aqueous solutions with mass concentrations of 1%, 2.5%, 5%, 7.5% and 10%
were prepared under similar conditions. To improve the flexibility of the films,
glycerol of vegetable origin (c=99.5%) was added as a plasticizer to each
xylan solution, in a proportion of 30% relative to the amount of absolutely dry
xylan contained in each solution. The mixtures were homogenized using a
magnetic stirrer (3h, n=1500rot/min) then they were poured into Petri dishes
and air drying, in a conditioned atmosphere, at a temperature of 23°C and a
relative air humidity of 50%, so as shown in figure 4.4.

After complete air drying, all Petri dishes were evaluated from the point of
view of the film-forming capacity of the contained solutions, finding the
following:

- xylan from beech wood shows good film-forming capacity at all
analyzed concentrations,

- xylan from corn cobs has no film-forming capacity at any of the
analyzed concentrations.
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(@)

Figure 4.4. Films casting from aqueous solutions of xylan-type hemicelluloses:
(a) xylan from beech wood, (b) xylan from corncobs

Evaluation of films obtained from beech wood xylan
All the films obtained from aqueous beechwood xylan solutions are

transparent, odorless and continuous, similar to plastic fiilms based on
synthetic polymers, as can be seen in figure 4.5.

1%

25% 5% 75% 10%
Figure 4.5. Films obtained from aqueous solutions with different concentrations
of beechwood xylan

The color of the films is brown, similar to the solutions from which they
were obtained, the color intensity being directly proportional to the increase in
xylan concentration. The obtained films are homogeneous, without air
bubbles or insoluble particles visible to the naked eye, shiny on one side
(surface in contact with the Petri dish during the drying period) and mat on the
other side (surface exposed to air). The thickness of the films is directly
proportional to the concentration of xylan in the film-forming solutions.

The mechanical strength of the films obtained from beechwood xylan was
evaluated by resistance to detachment from Petri dishes and handling. Thus,
it could be observed that all the films, except for those with a concentration of
1% which are slightly friable (being very thin) could be completely released
from the Petri dishes without breaking, being easily handled but requiring
attention for to prevent the risks of breakage or the appearance of areas
prone to cracking. The mechanical strength of films is also directly
proportional to the concentration of xylan in the film-forming solutions.

The barrier properties analyzed in the experimental program were water
swellability and water solubility. Analyzing the results presented in table 4.2.
a decrease in the swelling capacity and water solubility of the films is
observed as the xylan concentration increases, indicating that the moisture
barrier properties of the films, as well as their stability in a humid environment,
can be improved by increasing the xylan concentration xylan in the treatment
solutions.
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Table 4.2. Barrier properties of films obtained from beechwood xylan

Xylan concentration of Water Swelling capacity, Water Solubility,
the film-forming solution, [%] [%]
[%]

1.0 95.72+0.392 98.87+0.862
25 94.64+0.592 95.91+0.992
5.0 91.58+0.65% 94.07+0.942
7.5 86.57+0.52° 92.51+0.81°
10.0 63.48+0.56° 83.40+0.65°

* Values are presented as mean + standard deviation. The influence of concentration was highlighted in lowercase letters on
the column. Mean values that do not have a lowercase letter in common (a, b,c,) per column are statistically different
(p<0.05) based on Tukey's method and 95% confidence level

Evaluation of the usability of beechwood xylan films in the packaging
of fresh vegetables

One of the alternatives currently used to maintain or improve the quality of
fresh fruits and vegetables, in the post-harvest period, is the application of a
coating or an edible film on their surface. The application of edible coatings to
fruits and vegetables has been identified as a low-cost and therefore feasible
technique for use by local small farmers and small agribusinesses, as it uses
simple technology and does not require large investment in equipment
[170,171]. The aim of this stage of the experimental program was to evaluate
both the ability of xylan-type hemicelluloses from beech wood to form edible
films on the surface of fresh vegetables and as layers with a barrier effect to
water loss and consequently to reduce water loss mass and maintaining
freshness during storage.

For the study red radishes (Raphanus sativus conv. radicula) were chosen,
which are part of the Cruciferae family annual herbaceous species with a
short vegetation period (forming the edible root in about 30 days after
emergence), being cultivated almost all over the world. According to the
degree of perishability,radishes are classified in group | (Very easily
perishable) and for this reason after harvesting they must be transported
immediately and kept at low or refrigerated temperatures, as they degrade
very quickly through loss of water or microbiological processes [175].

Preparation of film-forming solutions from beechwood xylan

Since corncobs xylan did not show film-forming capacity, only aqueous
solutions of beechwood xylan were prepared by dispersion in distilled water,
with concentrations of: 2.5%, 5% and 7.5%, coded P1, P2 and P3.
To improve the flexibility, glycerol of vegetable origin was added to each
xylan solution, as a plasticizer, in a proportion of 30% relative to the amount
of absolutely dry xylan contained in each solution.

Preparation and treatment of fresh radishes

Fresh radishes harvested directly from the garden, were initially washed
in fresh water, cleaned by cutting off the leaves and top, washed with mildly
chlorinated water (to remove pests) and air dried.
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Healthy radishes were chosen, relatively uniform in size, free of visible
defects. The selected radishes were completely immersed for 1 min in the
prepared xylan solutions and then placed on stainless metal grills, in a
conditioned and ventilated atmosphere for a period of 12 hours, for the
protected drying of the coating layers. Distilled water was used as a control
solution, necessary to evaluate the performance of xylan-based hemicellulose
coatings from beech wood.

Storage of treated radishes under different conditions

After complete drying of the coatings, all treated radishes were individually
weighed and then placed, at appropriate distances from each other, in
marked plastic trays for differentiation. Radishes treated with each of the
three xylan coating solutions and untreated radishes (control) were placed in
each tray as shown in figure 4.8.

Figure 4.8. Radishes prepared for storage under controlled conditions

The trays thus prepared were stored in controlled environments with
different conditions (in the refrigerator and in the laboratory), at the
temperature of 4°C and 25°C respectively for 7 days and 14 days respectively.
The radishes were evaluated at the end of each time period,

Evaluation of the radishes treated with beechwood xylan coatings

Immediately after the treatment, as well as after the expiration of each
period of storage time under controlled conditions, at the two established
temperatures, the radishes were examined visually (figure 4.9.), sensorially
and physico-chemically, to evaluate the changes that occurred during storage.

(a) (b)

(d)
Figure 4.9. Appearance of radishes at the end of storage periods at different
temperatures: (a) temperature of 4°C for 7 days, (b) temperature of 4°C for 14 days,
(c) temperature of 25°C for 7 days, (d) temperature of 25°C for 14 days

Sensory analysis of radishes

The results of the sensory analysis are presented in figures 4.10.-4.13. as
comparative diagrams of specific sensory attributes.
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Figure 4.10. Comparative diagram of the specific sensory attributes of radishes
stored at 4°C for 7 days: M-untreated radishes, P1, P2 and P3 radishes treated
with beechwood xylan solutions with concentrations of 2.5%, 5% and 7.5%
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Figure 4.11. Comparative diagram of the specific sensory attributes of radishes
stored at 4°C for 14 days: M-untreated radishes, P1, P2 and P3 radishes treated
with beechwood xylan solutions with concentrations of 2.5%, 5% and 7.5%

Analyzing the results presented in figure 4.10. it can be observed that the
radishes stored for 7 days at a temperature of 4°C maintained their
appearance, color, odor, taste, aroma at a very high level of appreciation,
they still presented a firm consistency, without the appearance of surface
cracks, no traces of fungal growth or presence of liquid in the tray indicating
the beginning of degradation under the action of oxygen and microorganisms
in the air. Radishes treated with the P3 solution were the least appreciated by
the tasters. After 14 days of storage at a temperature of 4°C (figure 4.11.) the
radishes treated with solutions P1 and P2 maintained their appearance, color,
odor, taste, aroma at a very high level, they still presented a firm consistency,
without surface cracks, without traces of liquid but, in the case of untreated
radishes and those treated with P3 solution, slight changes in color (yellow
spots) and taste appeared on their surface, which indicates the beginning of
degradation under the action of oxygen and microorganisms in the air, the P1
variant being the most appreciated.
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Figure 4.12. Comparative diagram of the specific sensory attributes of radishes
stored at 25°C for 7 days: M-untreated radishes, P1, P2 and P3 radishes treated
with xylan solutions from beechwood with concentrations of 2.5%, 5% and 7.5%
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Figure 4.13. Comparative diagram of the specific sensory attributes of radishes
stored at 25°C for 14 days: M-untreated radishes, P1, P2 and P3 radishes treated
with beechwood xylan solutions with concentrations of 2.5%, 5% and 7.5%

Analyzing the results presented in figure 4.12. it can be seen that radishes
stored for 7 days at a temperature of 25°C show slight signs of degradation,
they have lost the intensity of their original color, yellow spots appeared on
the surface indicating the first signs of degradation, they have kept their
firmness and smell at a good level of acceptability while the taste and aroma
changed slightly without becoming unpleasant. The untreated radishes were
the least appreciated and among the treated variants, the P1 variant was the
most appreciated by the tasters. After 14 days of storage at a temperature of
25°C (figure 4.13.) all untreated radishes were completely degraded:
blackened, with traces of mold, in some places fungal growth was evident,
soft, with traces of liquid around, with an unpleasant odor and for this reason
they could no longer be considered suitable for human consumption.
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Analyzing the results of the sensory analysis, it can be seen that xylan-
based coating layers positively influence the quality maintenance of radishes
during the storage period, provided that a low temperature is ensured, and
the storage period does not exceed 14 days. Storage at normal temperatures
does not ensure freshness for more than 7 days, this temperature being
favorable to both natural and accelerated degradation under the action of
oxygen and microorganisms presents in the air. The radishes treated with the
P1 solution, corresponding to a concentration of 2.5% beechwood xylan,
were the most appreciated by the tasters in all the analyzed storage
conditions. Analyzing all the results of the analyzes carried out, both sensory
and physico-chemical, it is observed that xylan solutions with concentrations
of 2.5% and 5% demonstrated the ability to form protective layers, having the
best effect on maintaining the quality characteristics of radishes treated
during storage at low temperatures.

The concentration of 2.5% xylan had the best effect on the weight loss of
treated radishes in all analyzed storage conditions, being the most
appreciated by the tasters.

4.2.2. Testing xylan hemicelluloses in their native form in food
packaging paper coatings and surface treatment formulas

The aim of this stage of the experimental program was to use the two
types of xylan hemicellulose in their native state to obtain coating formulas
used in the surface treatment of packaging paper followed by the evaluation
of the functional properties of the resulting treated papers from the
perspective of food packaging. Xylan hemicelluloses in native states were
used as coatings for packaging paper with a weight of 50 g/m? in the form of
aqueous dispersions with a concentration of 20 g/L. The 20 x 25 cm (L x W)
paper sheets, conditioned in advance, were weighed to determine the initial
basis weight and then subjected to surface treatments using the two xylan
solutions prepared in the previously described manner. Thus, with the help of
the Mayer bar, a device for manual application of surface treatments in the
laboratory, the paper samples were coated with a layer of beechwood xylan
or from corncobs xylan, of approx. 0.75-1.00 g/m? on each side, so that the
final basis weight of the coating layers on both sides is approx.1.50-2.00 g/m?2.
After each surface treatment step, the coated paper samples were dried for
10 min. at ambient temperature and 10 min. in an oven at 60°C, and then
conditioned at 23°C and 50% relative humidity before being tested.

Characterization of paper samples coated with xylan hemicelluloses
dispersions

The obtained coated paper samples were analyzed in order to evaluate
the structural-dimensional and functional properties from the perspective of
food packaging: mechanical resistance properties, barrier properties,
antimicrobial properties.

The structural-dimensional properties

The surfaces of the paper samples coated with the two types of xylan
hemicellulose as well as of the base paper before applying the surface

17



Mirela ROMAN (IANA-ROMAN)
Research on obtaining biopolymeric mixtures based on hemicellulose intended for
biodegradable packaging for food products

treatments were analyzed using scanning electron microscopy (SEM), in
figure 4.14. showing the SEM images (scale bar 100 pym) obtained at a
maghnification of 1000x.

@) (b) (c)
Figure 4.14. SEM images of paper samples coated with xylan hemicelluloses:
(a) base paper, (b) coated paper with beechwood xylan, (c) coated paper with
corncobs xylan

Analyzing the surface morphology of the paper samples using SEM
images, a uniform surface with closed pores is observed in the case of the
beechwood xylan coated paper sample compared to the corncobs xylan
coated paper which has an uneven surface with rough areas. This aspect
confirms the better film-forming ability of beechwood xylan compared to that
from corncobs.

Mechanical properties

Table 4.7. Values of mechanical strength properties of base paper and coated
papers with xylan hemicelluloses

Strength property,[U.M.] Base paper Beechwood Corncobs
xylan coated xylan coated
paper paper
Dry tensile strength, [kN/m?] ~ 3.12%0.24° 2.93+0.14° 2.65+0.33°
Tensile strength in wet 0.38+0.09¢ 0.43+0.07° 0.51+0.052

condition, [kN/m?]
Bursting strength, [kPa] 177+8.74¢ 273+4.582 232+7.37°

* Values are presented as mean + standard deviation. The influence of surface treatment was highlighted in lowercase
letters per line; Values that do not share a lowercase letter per line are significantly different (p<0.05)

Barrier properties

The barrier properties were evaluated considering the diversity of food
types that require packaging: gas barrier properties (air, atmospheric water
vapor), water barrier properties, oil and fat barrier properties, the results being
presented in tables 4.8.-4.10.

Table 4.8. Values of gas barrier properties of base paper and coated papers
with xylan hemicelluloses

Barrier property, [U.M.] Base paper Beechwood Corncobs
xylan coated xylan coated
paper paper
Gurley porosity, [s/100mL] 90+4.04° 167+6.352 7115.69°
Water vapor transmission 320+8.50? 300+6.43¢ 310+7.09b

rate (WVTR), [g/m?-day]

* Values are presented as mean + standard deviation. The influence of surface treatment was highlighted in lowercase
letters per line; Values that do not share a lowercase letter per line are significantly different (p<0.05)

18



Mirela ROMAN (IANA-ROMAN)
Research on obtaining biopolymeric mixtures based on hemicellulose intended for

biodegradable packaging for food products

Table 4.9. Values of water barrier properties of base paper and coated papers
with xylan hemicelluloses

Barrier property, [U.M.] Base paper Beechwood Corncobs
xylan coated xylan coated
paper paper
Contact angle, [° ] 63.78+1.04¢ 73,62+0.862 68,48+0.92°
Cobbeo index, [g/im?] 27+1.15° 21+0.58° 22+1.00°

* Values are presented as mean + standard deviation. The influence of surface treatment was highlighted in lowercase
letters per line; Values that do not share a lowercase letter per line are significantly different (p<0.05)

Table 4.10. Values of oil barrier properties of base paper and coated papers
with xylan hemicelluloses

Barrier property, [U.M.] Base paper Beechwood Corncobs
xylan coated xylan coated
paper paper
Cobb-Ungerqo index, [g/im?] 24 +1.00° 20 + 0.58° 21 +1.00°
KIT Test, [no. KIT] 3 +0.58° 4+1.02 4 +0.582

* Values are presented as mean + standard deviation. The influence of surface treatment was highlighted in lowercase
letters per line; Values that do not share a lowercase letter per line are significantly different (p<0.05)

Antimicrobial properties

The antimicrobial activity of food packaging papers is of particular
importance to be able to maintain the quality of food and extend its shelf life,
in recent years, this aspect being intensively studied for lignocellulosic
materials. The results of testing the support paper samples and those coated
with the two types of xylan are presented in figure 4.16.

Base paper Coated paper with  Coated paper with
beech d xylan bs xylan

[‘““‘-n\_

Figure 4.16. Images of paper sample plates after incubation: (a) determination
of total number of microorganisms (bacteria), (b) determination of yeasts and
molds

Analyzing the images presented in figure 4.16.a. it can be observed that
both the base paper and coated with xylan hemicelluloses do not show
microbiological activity, on their surface the development of micro-organism
colonies is visible. However, the dispersal of microorganisms on the surface
of papers coated with beechwood xylan is the most reduced.
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Analyzing figure 4.16.b. it can be seen that only the paper coated with
xylan beechwood xylan shows antifungal activity, yeasts and molds did not
develop on its surface, while on the surface of the paper covered with
corncobs xylan, there was an increase in them compared to base paper.

The ability of paper samples coated with xylan from beech wood to inhibit
the development of pathogenic bacteria Escherichia coli and Staphylococcus

aureus is shown in figure 4.17.

Base paper Coated paper with Base paper Coated paper with
beechwood xylan beechwood xylan

(a) (b)
Figure 4.17. Images of paper sample plates after incubation with pathogens:
Escherichia coli, (b) Staphylococcus aureus

As can be seen in figure 4.17. there is no inhibition zone around the paper
samples for both the base paper and the beechwood xylan coated paper.
However, a slight antibacterial effect of beechwood xylan coated paper can
be observed especially against the Gram-positive pathogenic bacterium
Staphylococcus aureus. The results are in accordance with the data from the
literature regarding the antimicrobial activity of xylan hemicelluloses in their
native state.

4.3. Partial conclusions

The results obtained during this stage of the experimental program
allowed the elaboration of the following partial conclusions:

» among the two types of xylan hemicelluloses analyzed, only the
beechwood proved film-forming capacity from aqueous solutions, at all
concentrations analyzed, their properties being directly influenced by the
concentration of the film-forming solutions used;

» testing the structural-dimensional and functional properties of packaging
papers coated with the two types of xylan hemicelluloses from the
perspective of food packaging (strength, barrier, antimicrobial properties)
highlighted that the use of beechwood xylan contributed to the
improvement more pronounced for them compared to corncobs xylan;

» the results confirmed that the use of xylan hemicellulose in its native state
is limited by its high sensitivity to humidity due to the large number of
hydroxyl groups in its chemical structure, for use in obtaining food
packaging chemical modification and introduction into the structure of
some hydrophobic groups is required.
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CHAPTER 5. Research on the optimization of the functional
properties of xylan hemicellulose for the purpose of use in
obtaining packaging for food products

In this chapter are presented two methods used for chemical modification
of beechwood xylan hemicellulose based on two types of esterification
reactions: acetylation of xylan with alkyl ketene dimera (AKD) and acetylation
with acetic anhydride. The main purpose of these chemical modifications was
to reduce the hydrophilic character of native xylan by introducing some
hydrophobic groups into the structure and using the resulting hemicellulose
esters in different coating formulas on the surface of packaging papers to
optimize the barrier properties imposed on food packaging.

5.1. Chemical modification of xylan hemicellulose through esterification
reactions

Hydroxyl groups in the xylan structure represent an opportunity for
chemical functionalization, by attaching hydrophobic functional groups to the
hemicellulose chains, for this purpose different types of chemical reactions
can be used. Esterification is the method most often used for the chemical
modification of hemicelluloses and the improvement of the hydrophobic
properties necessary for coating pastes for food packaging papers, with many
studies published in the specialized literature on the obtaining and properties
of esterified (e.g. acetylated) xylan [ 186-191].

5.1.1. Chemical modification of xylan hemicellulose through acetylation
with alkyl ketene dimers (AKD)

Alkyl ketene dimers (AKDs) known as sizing agents are traditionally used
in the paper industry and can impart hydrophobization to cellulosic fibers
effectively with a small amount in aqueous solutions. Recent literature studies
have analyzed the reaction of AKD with different types of polysaccharides but,
so far, there are no studies related to applications in the field of food
packaging of the esters resulting from the reaction with xylan. The reaction of
AKD with xylan, shown in figure 5.5., can take place at the hydroxyl groups in
positions C2 and C3 of the monomeric structure of xylan [23].

]" i o R"
7
2 + — » O ™34 R'
(0] 1
R/ Xylan o
4 AKD Xylan n fketo ester

Figure 5.5. AKD reaction with xylan, where R' and R" are C14H29 [23]

The mechanism of hydrophobization of native xylan through the reaction
with AKD involves two stages:

- retention of AKD particles on the surface of xylan particles in aqueous
dispersion, achieved by intense stirring of the mixture of reactants and

- the reaction of AKD with the hydroxyl groups of xylan, carried out during
the drying of film or coated paper.
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Evaluation of the performance of xylan functionalized with AKD in
obtaining food packaging papers

To evaluate the performance of xylan functionalized by reaction with AKD
to obtain food packaging papers, modified xylan was used in the composition
of paper surface coating layers. At this stage of the experimental program, a
series of treatments were carried out on the surface of the base paper, in the
coating formulas using xylan mixtures with different concentrations of AKD
(0.2%-10.0%) relative to the amount of absolute dry xylan. Mixtures of xylan
and AKD were applied in a single layer (monolayer) and in successive layers
(multilayer) with homogeneous compositions and in doses ensuring a
deposition of 4.5-5 g/m? (on both sides of the paper) .

Preparation and characterization of papers coated with xylan-AKD
mixtures by single layer application

In order to identify the ester functional groups, formed by the reaction of
xylan with AKD, the structures of paper samples were analyzed by FT-IR and
SEM techniques. To evaluate compliance with the requirements for food
packaging, the paper samples were then evaluated from the point of view of
barrier properties and mechanical strength properties and the results have
beean presented in tables 5.5.-5.8. The base paper was considered as
control sample for the evaluation of the effectiveness of the applied coating
layers and the paper coated with native xylan for the evaluation of the
effectiveness of the chemical changes made to the xylan.

Table 5.5. Values of mechanical strength properties of papers coated with
Xylan-AKD mixtures

Strength property, [U.M.] Dry tensile Tensile Bursting
strength, strength strength,
2 X
Paper sample Code [kN/m?] n v_v&_et [kPa]
condition,
[kN/m?]

Base paper PO 3.12 + 0.24% 0.38 + 0.09° 177 + 8.749

Native xylan P1 3.19 +0.08%° 0.43 + 0.07° 259 +9.64°
coated paper

Xylan-0.2% AKD P2 3.26 +0.14° 0.50 + 0.06° 266 + 8.02°
coated paper

Xylan-0.5% AKD P3 3.36 £ 0.152 0.51 +0.072 270+ 5.51¢
coated paper

Xylan-1.0% AKD P4 3.31+0.14° 0.52 +0.082 275+ 6.11°
coated paper

Xylan-1.5% AKD P5 3.32+0.11° 0.53 +0.082 277 + 5.50°
coated paper

Xylan-2.0% AKD P6 3.42 +0.222 0.53 + 0,092 294+ 5.292
coated paper

Xylan-5.0% AKD P7 3.40 +0.172 0,52 +0.032 291 +6.032
coated paper

Xylan-7.5% AKD P8 3.39+0.132 0.54 +0.052 277 +5.69°
coated paper

Xylan-10% AKD P9 3.26 + 0.13° 0,50 + 0.042 276 + 6.66°
coated paper

* Values are presented as mean + standard deviation. The i of surface igl in lowercase

letters on the column; Values that do not share a lowercase letter per column are significantly d/fferent (p<0.05)
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Table 5.6. Values of gas barrier properties of papers coated with xylan-AKD

mixtures
Barrier property, [U.M.] Gurley Water vapor
porosity, transmission
Paper sample Code [s/100mL] rate (WVTR),
[g/m?-day]
Base paper PO 90 + 4.049 320 + 8.502
Native xylan P1 165 + 5.03f 290 +4.51°
coated paper
Xylan-0.2% AKD P2 184 +5.29¢ 280 + 6.08
coated paper
Xylan-0.5% AKD P3 217 + 6.56° 270 +4.73¢
coated paper
Xylan-1.0% AKD P4 265 + 5.572 260 + 5.514
coated paper
Xylan-1.5% AKD P5 272 + 4.58° 260 +5.13¢
coated paper
Xylan-2.0% AKD P6 274 +4.512 230 +3.71¢
coated paper
Xylan-5.0% AKD P7 228 +5.13° 220 + 4.00f
coated paper
Xylan-7.5% AKD P8 203 + 4.36¢ 210 + 4.589
coated paper
Xylan-10% AKD P9 200 + 7.64¢ 210 + 2.659
coated paper
* Values are presented as mean + standard deviation. The il of surface ighlig in lowercase

letters on the column; Values that do not share a lowercase letter per column are significantly dlfferent (p<0.05)

Table 5.7. Values of water barrier properties of papers coated with xylan-AKD

mixtures

Barrier property, [U.M.] Conta[c: ]angle, Cobbe index,

Paper sample Code [g/m?]
Base paper PO 63.78 + 1.049 27 +1.15°
Native xylan P1 74.20 + 0.64f 25 + 1.06°
coated paper

Xylan-0.2% AKD P2 76.36 + 0.67¢ 23 +0.89%¢
coated paper

Xylan-0.5% AKD P3 77.20 +0.77¢ 22 +0.40¢
coated paper

Xylan-1.0% AKD P4 77.81 +0.66¢ 21+ 0,45°
coated paper

Xylan-1.5% AKD P5 77.93 +0.94¢ 21 +0.90¢f
coated paper

Xylan-2.0% AKD P6 82.43 + 0.81° 21+0.51°
coated paper

Xylan-5.0% AKD P7 82.62 + 0.46° 21+0.97°
coated paper

Xylan-7.5% AKD P8 83.84 +0.84° 20 +0.66'
coated paper

Xylan-10% AKD P9 84.28 + 0.702 19 + 0.529

coated paper

* Values are presented as mean + standard deviation. The influence of surface treatment was highlighted in lowercase
letters on the column; Values that do not share a lowercase letter per column are significantly different (p<0.05)
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Table 5.8. Values of oil barrier properties of papers coated with xylan-AKD

mixtures
Barrier property, [U.M.] Cobb Ungeryo index, KIT Test,
Paper sample Code [g/m?] [no. KIT]
Base paper PO 24 +1.002 3+0.58"
Native xylan P1 23 +0.40° 4 +1.00°
coated paper
Xylan-0.2% AKD P2 22 +0.43¢ 5+0.58¢
coated paper
Xylan-0.5% AKD P3 20 +0.38¢ 5+1.00¢
coated paper
Xylan-1.0% AKD P4 19 +0.27¢ 5+0.58¢
coated paper
Xylan-1.5% AKD P5 19 +0.20° 5+0.58¢
coated paper
Xylan-2.0% AKD P6 19 +0.36° 6 +0.58°
coated paper
Xylan-5.0% AKD P7 18 + 0.29 7 +0.58°
coated paper
Xylan-7.5% AKD P8 17 +0.349 7 +1.00°
coated paper
Xylan-10% AKD P9 17 +0.379 8+1.152

coated paper

* Values are presented as mean + standard deviation. The influence of surface treatment was highlighted in lowercase
letters on the column; Values that do not share a lowercase letter per column are significantly different (p<0.05)

From the analysis of the presented results, it can be seen that by
applying the coating layers, the properties of the analyzed coated papers
have improved compared to the base paper, the addition of AKD in the
coating formulas also contributing to their improvement compared to the
paper coated with native xylan. The addition of 2.5% AKD indicated the best
results obtained with minimal consumption, being considered an optimal
addition for coating formulas used to obtain food packaging papers with
appropriate properties.

5.1.2. Chemical modification of xylan hemicellulose through acetylation
with acetic anhydride

In the experimental program, beechwood xylan hemicellulose was
esterified by acetylation with acetic anhydride as follows: before acetylation,
native beechwood xylan, in solid state, previously dried in an oven, was
subjected to an activation process by mixing with glacial acetic acid and
thermostating at a temperature of 50°C for 5 min. The activated xylan mixture
was then cooled to 25°C in an ice bath and then acetic anhydride was added.
The acetylation reaction was catalyzed with concentrated sulfuric acid H2SO4
(c=98%). To complete the acetylation reaction, the reaction mixture was kept
under continuous stirring for 1h at 50°C. After acetylation, the xylan acetate
was precipitated with 150 mL of 95% ethanol. Residual acetylation products
were removed by washing the xylan acetate 4 times with 100 ml of ethanol
and filtering on a Buchner funnel. The resulting xylan acetate was dried in an
oven for 24 hours at 40°C and then weighed to determine the amount of
acetylated xylan produced [117]. The degree of xylan derivatization was
evaluated by titrimetric determination of the degree of substitution and
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analysis of FT-IR spectra. The degree of acetylation of xylan (AG),
determined titrimetrically following the acetylation of xylan with acetic
anhydride under the conditions shown, was 13.70+0.28%, the degree of
substitution (DS) calculated based on the degree of acetylation was 0.487
+0.033, and the total yield of the acetylation reaction was 70.57+0.63%. The
acetylation reaction of xylan is shown schematically in figure 5.19.

native xylan acetylated xylan

o 0,
(CH,COLO
~ 0. ~ O
Ol 0-R
n

OH “ O-R
R = H sau COCH3

Figure 5.19. Acetylation reaction of xylan [226]

Preparation and characterization of papers coated with acetylated xylan
by single layer application

For this purpose, treatments were carried out on the surface of the
base paper with 2.5% acetylated xylan dispersions applied in a single coating
layer on each side of the paper sheet in established doses so as to ensure a
total deposition of 4.5-5 g/m? on both sides of the paper. The acetylated xylan
dispersion was magnetically stirred for homogenization for 24h at 1500 rpm.
and then applied to the surface of the backing paper using the TQC Sheen
Auto Applicator. The same previously presented procedures were used for
treating, drying, conditioning and testing the paper samples. The monolayer
acetylated xylan coated paper series was coded P14.

5.2. Performance evaluation of xylan hemicellulose chemically
modified by the two types of esterification reactions to obtain food
packaging papers

In order to establish the optimal method of esterification of xylan
hemicellulose, the two types of chemically modified xylan hemicellulose
obtained in laboratory by reaction with alkyl ketene dimers (addition of 2.5%
AKD) and by direct acetylation with acetic anhydride as described earlier in
this chapter.

Structural characterization by FT-IR spectroscopy

(a) (b) (c)
Figure 5.22. FT-IR spectra for: (a) native beechwood xylan, (b) hydrophobized
with 2.5% AKD beechwood xylan, (c) acetylated beechwood xylan
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The appearance of vibration bands characteristic of absorption peaks in
the range 1716-1733 cm™ confirms the formation of B-ketone esters due to
the chemical bonds between xylan and AKD (figure 5.22.b) and the
intensification of the absorption band at 1746 cm™' is specific to the acetyl
groups (figure 5.22.c).

Structural characterization by 'H-NMR spectrometry
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Figure 5.23. 'H-NMR spectra for: (a) native beechwood xylan, (b)acetylated
beechwood xylan, (c) hydrophobized with 2.5% AKD beechwood xylan

"H-NMR spectra show intense signals corresponding to protons of xylose
units in the unsubstituted main chain, as well as less intense signals
attributed to OH groups (figure 5.23.a). In the case of xylan hydrophobized
with 2.5% AKD (figure 5.23.c), a wider distribution of signals is observed, due
to the fact that the xylan-2.5% AKD dispersion has a higher viscosity. The
spectrum of xylan hydrophobized with 2.5% AKD shows two distinct signals
between 1.2 and 1.5 ppm, corresponding to the protons from the methylene
groups (=CH2) in the long chain of AKD and a signal at 0.8 ppm
corresponding to the groups — CH3. The signals in the 'H-NMR spectrum
(figure 5.23.a,b,c) located in the range 3.3-5.0 ppm are attributed to the
protons in the xylan ring. For xylan acetylated with acetic anhydride (figure
5.23.b), the strong signal at 2.0 ppm is specific to protons from acetyl groups
(-CH3-CO-), which confirms the acetylation of xylan hemicellulose.

Characterization of the thermal stability of native xylan and xylan
derivatives

From the data presented in figure 5.24. it is observed that in the initial
stage of heating there is a sudden decrease in mass for all xylan samples, a
process due to the loss of water from the sample (25-100°C).
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Figure 5.24. TGA curves for: (a) native beechwood xylan, (b) beechwood xylan
hydrophobized with 2.5% AKD, (c) beechwood xylan acetylated with acetic
anhydride

In the case of native xylan, it is observed that at a weight loss of 50%, the
decomposition temperature of the xylan mass started at ~305°C (figure
5.24.a).

In the case of hydrophobized xylan with 2.5%AKD it is observed that at a
weight loss of 50% the decomposition occurred starting from the temperature
of ~305°C, respectively ~475°C, followed by another stage of decomposition
from the temperature of ~ 475°C, respectively ~510°C (figure 5.24.b).

In the case of xylan acetylated with acetic anhydride at the loss of 50% in
weight the decomposition started at the temperature of ~305°C, respectively
~375°C (figure 5.24.c). Analyzing the presented results, an increase in the
thermal stability of chemically modified xylan is observed, compared to native
xylan, as a result of the decrease in the number of —OH groups left free after
acetylation, groups that are oxidized during heating.

Better thermal stability was observed for xylan hydrophobized with AKD
compared to that of xylan acetylated with acetic anhydride.

Characterization of papers coated with native xylan and modified by
esterification reactions

The effect of the chemical modification of beechwood xylan by the
presented esterification reactions, reflected in the improvement of the
hydrophobicity of the xylan, was analyzed by the comparative evaluation of
the structural, barrier and mechanical strength properties of the coated
papers in a single layer (4.5- 5 g/m?) with hydrophobized xylan with 2.5%
AKD and with xylan acetylated with acetic anhydride.

Base paper (P0), paper coated with native xylan (P1), paper coated with
hydrophobized xylan with 2.5%AKD (P6) and paper coated with acetylated
xylan (P14) were chosen for evaluation.
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Table 5.13. Values of mechanical strength and barrier properties of papers
coated with native xylan and esterified xylan by monolayer application

Paper sample Base Native xylan Xylan- Acetylated
paper coated 2,5%AKD xylan
paper coated coated
paper paper
Code PO P1 P6 P14
No.of coated layers 0 1 1 1
Property, [U.M.]
Basis weight [g/m?] 50.48+0.15%  5504+0.25%A  54.80+0.27°A1  54.80+0.20°\1
Strength property
Dry tensile strength, 3.12+0.24% 3.19+0.08<C 3.42+0.22%A1 3.33+0.22b82
[kN/m?]
Tensile strength in wet 0.38+0.09°8 0.50+0.072A 0.53+0.042A1 0.52+0.062A1
condition [kN/m?]
Bursting strength, 177+8.749% 259+9.64<°C 294+5.292A1 282+6.2462
[kPa]
Barrier property
Gurley porosity, 90+4.0490 165+5.03%8 274+4 512M 127+5.03¢C2
[s/100mL]
Water vapor 320+8.50A 290+4.51%8 230+3.79°C1 225+4.93¢°C1

transmission rate
(WVTR), [g/m?-zi]

Contact angle, [ °] 63.78+1.04°C  74.20+0.64%®  82.43+0.81%A1  82.73+0.60%!
Cobbeo index, [g/m?] 27+1.15% 25+1,068 21+0.51°¢2 24+1.0%1
Cobb-Ungerio 24+1.002A 22+0.40°8 19+0.3602 20+0.79¢C1
index,[g/m?]

KIT Test, [no. KIT] 3+0.58 4+1.00%8 6:+0.58%1 4:+1.00082

* Values are presented as mean + standard deviation. The influence of surface treatment was highlighted in lowercase
letters per line; the influence of the type of xylan (native or chemically modified) was highlighted in capital letters on the line;
the influence of the type of esterification reaction (with AKD or acetic anhydride) was highlighted with figures per line.
Values that do not share a lowercase/uppercase lette ber per line are significantly different (p<0.05)

5.3. Partial conclusions

The results obtained during this stage of the experimental program
allowed the elaboration of the following partial conclusions:

» xylanhemicellulose from beechwood can be chemically modified by
esterification reactions;

» the esterification reactions chosen for the chemical modification of native
xylan were acetylation reactions with alkyl ketene dimers (AKD) and with
acetic anhydride;

» reactants used for chemical modification are accessible reagents, alkyl
dimer ketenes (AKD) are common additives used in papermaking and
acetic anhydride is the simplest isolable acid anhydride, being a reagent
often used in organic synthesis; the two types of esterification reactions
chosen do not require special reaction conditions and are not dangerous
reactions (generators of toxic or explosive products);
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» the structural modification of xylan-type hemicellulose through the chosen
acetylation reactions was confirmed by different experimental techniques
(SEM, FT-IR, 'H-NMR, TGA);

» in the case of papers coated with hydrophobized xylan with alkyl dimer
ketene (AKD), increasing the addition of AKD (%) contributes to improving
their properties, the optimal addition being 2.5% AKD (relative to the
amount of absolutely dry native xylan);

» the degree of substitution of the acetylated xylan obtained within the
experimental program, was 0.487+0.033, with a yield of the acetylation
reaction of 70.57+0.63%;

» the two types of xylan hemicelluloses chemically modified by esterification
reactions can be used as diluted aqueous dispersions applied monolayer
or multilayer to obtain coating layers of packaging papers;

» testing the structural and functional properties (strength, barrier) of the
packaging papers coated with the two types of esterified xylan highlighted
the fact that the use of chemically modified xylan in the coating formulas
contributed to their improvement compared to the paper coated with native
xylan, the values for the two types of modified xylan being relatively similar;

» by applying homogeneous or heterogeneous coating layers based on
hydrophobized xylan with AKD in a multilayer system (double-layer or
triple-layer), improved barrier properties were obtained compared to
application in a single layer, at a constant weight of the coating layer (4.5-
5g /m?) ;

» the degree of hydrophobization of xylan was increased through the
acetylation reactions, the water contact angle registering the highest value
(82.73°) in the case of papers coated with xylan acetylated with acetic
anhydride (P16), but lower than 90°;

> the barrier properties to oils and fats were improved in the case of
coatings with hydrophobized xylan with 10% AKD, KIT 8 values were
obtained, values comparable to the currently existing papers for food
packaging coated with synthetic polymers or fluorochemical compounds.

CHAPTER 6. Testing xylan derivatives in complex formulas
to obtain food packaging

In this chapter, two complex formulas of using native and chemically
modified xylan hemicelluloses were tested in order to improve the
performance for food packaging, especially the bioactive properties: (i) by
using them in mixtures with other biopolymers and (ii) ) by using in mixtures
with other chemical compounds, inorganic or organic, with recognized active
properties. The biopolymers selected for use in mixture with xylan
hemicellulose were: nanocrystalline cellulose and chitosan, both from
renewable plant and animal sources that are abundant in nature.Through its
specific properties, nanocrystalline cellulose can contribute to improving the
structural, mechanical and air, oil and fat barrier properties of packaging, and
chitosan, known for its strong bacteriostatic and antioxidant properties, can
provide an adequate protective barrier against the action of microorganisms
ensuring the sensory and nutritional quality of packaged foods.
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The selected inorganic chemical compounds for use in xylan-based
hemicellulose mixtures were metal oxide nanoparticles, zinc oxide (ZnO) and
copper (Il) oxide (CuO), both recognized for their antimicrobial properties
(bacteria, fungi, viruses). Among the organic chemical compounds,
Lophanthus essential oil was selected, having as its main component
(94.89%) estragole (1-allyl-4-methoxybenzene), an allylbenzene analog with
antimicrobial properties and good antioxidant capacity, considered non-toxic
and widely used as an ingredient in various medicinal preparations, flavoring
or alcoholic beverages. The fiims and papers obtained by using these
mixtures were evaluated in terms of structural-dimensional and functional
properties in order to identify the optimal composition that would contribute to
improving the properties of food packaging and complying with the
requirements.

6.1. Biopolymeric mixtures based on: native xylan, xylan derivatives,
nanocrystalline cellulose and chitosan

6.1.1. Obtaining films from biopolymeric mixtures : establishing the
optimal composition; obtaining films from a mixture of biopolymers;
characterization of the obtained films

In this stage of the experimental program different biopolymer mixtures
based on beechwood xylan (in its native state and the two xylan derivatives)
and nanocrystalline cellulose and chitosan were studied, mixtures used to
obtain food films or as coating formulas for food packaging papers.

Obtaining biopolymeric films

Aqueous dispersions with a mass concentration of 2.5% were used to
obtain films of native xylan and xylan derivatives. To improve the strength and
flexibility of xylan-based films in the obtained aqueous suspensions, glycerol
of vegetable origin (99.5%) was added as a plasticizer in a proportion of 30%,
relative to the amount of native xylan/xylan derivative of absolutely dry.
To obtain the films based on nanocrystalline cellulose the commercial product
was used as such a 6% aqueous suspension in the form of a gel, and to
obtain the films based on chitosan a homogeneous dispersion of chitosan
2.5% in 1% acetic acid solution was used, in gel form. For these it was not
necessary to add glycerol because both nanocrystalline cellulose and
chitosan have a good film-forming capacity and good flexibility of films.

Characterization of the obtained biopolymeric films
F1 F F4

F2 3 F5
- e 7 _— ( =
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(b) ( (e)

(a) c) (d)
Figure 6.2. Biopolymeric films with homogeneous composition:
(a) native xylan, (b) hydrophobized xylan with AKD, (c) acetylated xylan with acetic
anhydride, (d) nanocrystalline cellulose, (e) chitosan
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Figure 6.3. Biopolymeric films obtained from mixtures of xylan and NCC:
(a) native xylan, (b) hydrophobized xylan with AKD, (c) acetylated xylan,
(d) native xylan-NCC mixture (3:1), (e) hydrophobized xylan with 2.5% AKD-NCC
mixture (3 :1), (f) acetylated xylan-NCC mixture (3:1), (g) nanocrystalline cellulose,
(h) native xylan-NCC mixture (1:1), (I) hydrophobized xylan with 2.5% AKD -NCC
mixture (1:1), (j) acetylated xylan-NCC mixture (1:1)

The biopolymeric films obtained from mixtures based on xylan and
nanocrystalline cellulose are transparent, odorless and continuous,
homogeneous, flexible and the color is light brown similar to the film-forming
solutions from which they were obtained, being directly influenced by the
brown color of the xylan dispersions and the proportion them in the mix.

(c)

(f)

()

(d)

F|gure 6.4. Biopolymeric films obtained from mlxtures of xylan and chitosan:
(a) native xylan, (b) hydrophobized xylan with AKD, (c) acetylated xylan, (d) native
xylan-chitosan mixture (3:1), (e) hydrophobized xylan with 2.5% AKD-chitosan
mixture (3 :1), (f) acetylated xylan-chitosan mixture (3:1), (g) chitosan, (h) native
xylan-chitosan mixture (1:1), (1) hydrophobized xylan with 2.5% AKD- chitosans
mixture (1:1), (j) acetylated xylan-chitosan mixture (1:1)

The biopolymeric films obtained from mixtures based on xylans and
chitosan are transparent, odorless and continuous, homogeneous, flexible

and the color is brown, similar to the film-forming solutions from which they
were obtained.
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Thickness and water solubility of films
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F9-xylan+NCC (1:1) F10-xylan-2,5%AKD+NCC (1:1) F11-acetylated xylan+NCC (1:1)
F12-xylan+CHI (3:1) F13-xylan-2,5%AKD+CHI (3:1) F14-acetylated xylan+CHI (3:1)
F15-xylan+CHI (1:1) F16-xylan-2,5%AKD+CHI (1:1) F17-acetylated xylan+CHI (1:1)

Figure 6.5. Properties of biopolymer films obtained from native xylan, xylan
derivatives, nanocrystalline cellulose, chitosan and their mixtures

6.1.2. Testing biopolymeric mixtures in the production of packaging
paper: homogeneous coatings; composite coatings; layered coatings

In order to evaluate the performance biopolymeric mixtures based on
xylan/xylan derivatives in obtaining food packaging papers, the mixtures with
the compositions presented previously for obtaining of biopolymeric films
were used as coating layers for base paper. These coating formulas were
applied in a single layer (monolayer) and in successive layers (multilayer)
with homogeneous and heterogeneous compositions, in doses established to
ensure a deposition of 4.5-5 g/m? (on both sides of paper).

Table 6.6. Coding of paper samples coated with biopolymeric mixtures and the
composition of the coating layers

Sample Composition of coating layers, [ %]

code native hydrophobized acetylated nanocrystalline chitosan
xylan xylan with xylan cellulose
2.5% AKD

P17 75 - - 25 -
P18 - 75 - 25 -
P19 - - 75 25 -
P20 50 - - 50 -
P21 - 50 - 50 -
P22 - - 50 50 -
P23 75 - - - 25
P24 - 75 - - 25
P25 - - 75 - 25
P26 50 - - - 50
P27 - 50 - - 50
P28 - - 50 - 50
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Table 6.9. Coding of paper samples coated with double layers of biopolymeric
mixtures and the composition of the coating layers

Sample Composition of coating layers, [ %]
code native hydrophobized acetylated nanocrystalline chitosan
xylan xylan with xylan cellulose
2.5% AKD
P29 100 - - 100 -
(top layer) (bottom layer)
P30 - 100 - 100 -
(top layer) (bottom layer)
P31 - - 100 100 -
(top layer) (bottom layer)
P32 100 - - - 100
(bottom (top layer)
layer)
P33 - 100 - - 100
(bottom layer) (top layer)
P34 - - 100 - 100
(bottom layer) (top layer)

6.2. Composite coatings based on a mixture of native xylan, xylan
derivatives and compounds with active properties (metal oxide
nanoparticles: ZnO and CuO, essential oils). Obtaining and
characterization of coated papers

In this stage of the experimental program the support paper was covered
with different types of composite mixtures based on xylan from native beech
wood or xylan derivatives and a series of compounds with recognized active
properties (antioxidants, antimicrobials): nanoparticles of mineral oxides (ZnO
and CuQO) and essential oil of Lophanthus extracted from Agastache
foeniculum, plants acclimatized in the native culture (Aromat de Buzau). In
order to obtain the composite mixtures, aqueous dispersions with a mass
concentration of 2.5% xylan and xylan derivatives were initially prepared to
which were added appropriate amounts of aqueous dispersions of ZnO (20%),
CuO (10%) and alcoholic extract of Lophanthus essential oil (10%).

Table 6.11. Coding of paper samples coated with composite mixtures and the
composition of the coating layers

Sample Composition of coating layers, [ %]

code native hydrophobized acetylated ZnO NPs CuO NPs Lophanthus

xylan xylan with 2.5% xylan essential oil
AKD

P35 100 - - 10 - -

P36 - 100 - 10 - -

P37 - - 100 10 - -

P38 100 - - 20 - -

P39 - 100 - 20 - -

P40 - - 100 20 - -

P41 100 - - - 10 -

P42 - 100 - - 10 -

P43 - - 100 - 10 -

P44 100 - - - 20

P45 - 100 - - 20 -

P46 - - 100 - 20 -

P47 100 - - - - 10

P48 - 100 - - - 10
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P49 - - 100 - - 10

The composite mixtures were applied to the surface of the backing paper
in a single layer on each side of the paper, in doses determined to ensure a
deposition of 4.5-5.0 g/m? for each paper sample, using the working method
previously described for their treatment, drying, conditioning and testing.

Obtaining and characterization of papers coated with mixtures of
native xylan and xylan derivatives and ZnO nanoparticles

In this stage, composite mixtures were prepared based on native xylan or
xylan derivatives and zinc oxide nanoparticles added in amounts of 10% and
20%, respectively, based on the absolutely dry amounts of native xylan or
xylan derivatives in each aqueous dispersion. The paper samples obtained,
coded P35-P40, were tested in terms of appearance, structure, mechanical
strength and barrier properties in order to evaluate the influence of the
addition of ZnO nanoparticles on them and to identify the optimal addition for
the use of these composite mixtures as coating layers for food packaging
papers.

Structural characterization by SEM/EDS analysis

PO P1 P6 P14
P35 P36 P37 P38 P39 P40
Figure 6.10. SEM images of papers with composite coatings based on native
xylan/xylan derivatives and ZnO nanoparticles

The analysis of the SEM images shows the presence of ZnO nanoparticles,
their density is proportional to the amount of ZnO (%) in the composite
mixtures. Also, a relatively uniform distribution of them in the coating layers is
observed. By doubling the amount of ZnO nanoparticles in the composite
mixtures, smoother and more homogeneous surfaces were obtained due to
its high specific surface area. Energy dispersive spectrum (EDS) analyzes
were performed to evaluate the degree of retention of ZnO nanoparticles in
the biopolymeric matrix and fixation to the surface of the samples.

The distribution of each constituent element (C, O and Zn) was determined
with the help of the specific correspondent in the Ka line from the X-ray
spectra, shown in figure 6.11. The results of the qualitative analysis obtained
by EDS mapping provides indications about the main constituent chemical
elements of the analyzed samples: carbon (C)-red color, oxygen (O)-green
color, zinc (Zn)-yellow color, calcium (Ca)-purple color, confirming the
presence of ZnO nanoparticles in the layers of coating, and the results of the
quantitative analysis confirm the amounts of ZnO nanoparticles in the
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composite mixtures, which indicates a good inclusion in the dispersions of
xylan/xylan derivatives as well as a good fixation on the surface of the paper
samples. The calcium identified in the analyzed samples may be due to its
presence in the structure of the beech wood from which the xylan
hemicellulose was obtained.

P38 P39 P40
Figure 6.11. The images resulting from the elemental analysis by the EDS
technique of papers treated with composite mixtures based on native xylan/xylan
derivatives and ZnO nanoparticles

Obtaining and characterization of papers coated with mixtures of native
xylan and xylan derivatives and CuO nanoparticles

In this stage, composite mixtures based on native xylan or xylan
derivatives and copper (1) oxide nanoparticles added in proportions of 10%
and 20%, respectively, based on the absolutely dry amounts of native xylan
or xylan derivatives from each aqueous dispersion. The paper samples
obtained, coded P41-P46, were tested in terms of appearance, structure,
mechanical strength and barrier properties in order to evaluate the influence
of the addition of CuO nanoparticles on them and to identify the optimal
addition for the use of these composite mixtures as covering layers of food
packaging papers.
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Structural characterization by SEM/EDS analysis

The presence of CuO nanoparticles is observed, their density being
proportional to the amount of CuO (%) in the composite mixtures.

PO
P44 P46

Flgure 6.12. SEM images of papers with composite coatmgs based on native
xylan/xylan derivatives and CuO nanoparticles

P35 P36 P37

P38 P39 P40
Figure 6.13. The images resulting from the elemental analysis by the EDS technique
of papers with composite coatings based on native xylan/xylan derivatives and
CuO nanoparticles
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Energy dispersive spectrum (EDS) analysis provides a clear picture of the
degree of homogeneity of each coated paper sample, the presence of local
agglomerates and the distribution of CuO nanoparticles. The distribution of
each element (C, O and Cu) was determined with the help of the specific
correspondent in the Ka line from the X-ray spectra. The results of the
qualitative analysis obtained by EDS mapping shown in figure 6.13. provides
indications about the main constituent chemical elements of the analyzed
samples: carbon (C)-red color, oxygen (O)-green color, zinc (Cu)-yellow color,
calcium (Ca)-purple color, confirming the presence of CuO nanoparticles in
the layers of coverage. The results of the analysis regarding the amounts of
CuO nanoparticles in the composite mixtures indicate an uneven distribution
of them on the analyzed surface and confirm the formation of agglomerations
highlighted by the SEM images. The agglomeration tendency of the CuO
nanoparticles may be due to their size (40 nm), much smaller compared to
the ZnO nanoparticles (100 nm), but also to the uneven embedding in xylan-
based dispersions/xylan derivatives.

Obtaining and characterization of papers coated with composite
blends based on native xylan, xylan derivatives and Lophanthus
essential oil

Among the essential oils, for this stage of the experimental study,
Lophanthus essential oil was selected, having as its main component
(94.89%) estragole, recognized for its antioxidant capacity and antimicrobial
activity. Thus, composite mixtures were similarly prepared based on native
xylan or xylan derivatives and Lophanthus essential oil (UEL) added at a rate
of 10% relative to the absolute dry amounts of native xylan or xylan
derivatives in each dispersion. The paper samples obtained, coded P47-P49,
were tested from the point of view of appearance, structure, mechanical
resistance and gas, water, oil and grease barrier properties. When using
biopolymeric mixtures with Lophanthus essential oil (a colorless liquid) the
color of the coated paper samples did not change compared to xylan-coated
or xylan-derivative papers, the only change being the odor of the coated
paper samples, with a slight aroma similar to anise, specific to the essential
oil used.

Structural characterization by SEM analysis

P1 P6 P47 P48 P49

Figure 6.14. SEM images of papers with composite coatings based on
native xylan/xylan derivatives and Lophanthus essential oil

It is observed that the additions of Lophanthus essential oil in the
composite mixtures do not influence the topography of the analyzed surfaces.
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6.3.Comparative evaluation of the performance of paper samples coated
with composite mixtures based on xylan/xylan derivatives with other
biopolymers or compounds with active properties

Gas barrier properties
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Figure 6.17. Gas barrier properties of papers coated with homogenous
mixtures based on xylan/xylan derivatives with nanocrystalline cellulose/chitosan

The best results for air permeability were obtained for sample P27-one
layer, hydrophobized xylan with 2.5% AKD+chitosan (1:1), respectively P50-
two layers, S1: acetylated xylan+20% ZnO nanoparticles/ S2: acetylated
xylan + chitosan (1:1).
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Figure 6.18. Gas barrier properties of papers coated with xylan/xylan
derivatives composite mixtures with ZnO/CuO nanoparticles and Lophanthus
essential oil

The best results for water vapor transmission rate were obtained for
sample P34-two layers, S1: acetylated xylan/S2: chitosan, respectively P50-
two layers, S1: acetylated xylan+20% ZnO nanoparticles/ S2: xylan
acetylated +chitosan (1:1).
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Water barrier properties
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Figure 6.19. Water barrier properties of papers coated with homogenous
mixtures based on xylan/xylan derivatives with nanocrystalline cellulose/chitosan
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The best results for the contact angle were obtained by P28-one layer,
acetylated xylan+chitosan (1:1), P25-one layer, acetylated xylan+chitosan
(3:1), respectively P45-one layer, hydrophobized xylan with 2.5%
AKD+20%CuO nanoparticles.
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Figure 6.20. Water barrier properties of papers coated with xylan-
based/xylan-derivative composite mixtures with ZnO/CuO nanoparticles and
Lophanthus essential oil

The best results for water absorption capacity were obtained for sample
P34-two layers, S1: acetylated xylan/ S2: chitosan, respectively for sample
P50-two layers, S1: acetylated xylan+20% ZnO nanoparticles/ S2: xylan
acetylated +chitosan (1:1).
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Barrier properties to oils and fats
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Figure 6.21. Oil and grease barrier properties of papers coated with
homogenous mixtures based on xylan/xylan derivatives with nanocrystalline
cellulose/chitosan

The best results for oil absorbency and fat resistance were obtained for
sample P28-one layer, acetylated xylan+chitosan (1:1).
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Figure 6.22. Oil and grease barrier properties of papers coated with xylan/xylan
derivative composite mixtures with ZnO/CuO nanoparticles and Lophanthus
essential oil

The best results for oil absorption capacity and fat resistance were
obtained for sample P50-two layers, S1: acetylated xylan+20% ZnO
nanoparticles/ S2: acetylated xylan +chitosan (1:1).
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Mechanical strength properties
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Figure 6.23. Strength properties of papers coated with homogenous mixtures
based on xylan/xylan derivatives with nanocrystalline cellulose/chitosan
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Figure 6.24. Mechanical strength properties of papers coated with xylan-
based/xylan-derivative composite mixtures with ZnO/CuO nanoparticles and
Lophanthus essential oil

As can be seen from figures 6.23. and 6.24. the best results for tensile
strength, both in dry and wet conditions, were obtained for sample P28-one
layer, acetylated xylan+chitosan (1:1), respectively sample P50-two layers,
S1: acetylated xylan +20% ZnO nanoparticles/ S2: acetylated xylan +
chitosan (1:1), and the best results for cracking resistance were obtained in
the case of sample P25-one layer, acetylated xylan + chitosan (3:1),
respectively P41-one layer, native xylan+10% CuO nanoparticles and P49-
one layer, acetylated xylan+10% Lophanthus essential oil.
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6.4. Partial conclusions

The results obtained during this stage of the experimental program
allowed the elaboration of the following partial conclusions:

» both native beechwood xylan and derivatives obtained through
esterification reactions form homogeneous mixtures with the two selected
biopolymers (nanocrystalline cellulose and chitosan) and composites with
chemical compounds with active properties (ZnO or CuO nanoparticles
and Lophanthus essential oil);

» the homogeneous and composite mixtures obtained have the ability to
form uniform and resistant films, which allows their use in coating formulas
on the surface of food packaging papers;

» testing the structural and functional properties of the packaging papers
coated with the mixtures with different compositions and proportions,
indicated that the use of chemically modified xylan in the complex coating
formulas contributed to their improvement compared to the native xylan,
the better results being obtained in the cases of using acetylated xylan;

» the use of nanocrystalline cellulose in the homogeneous mixtures
contributed to the improvement of the mechanical resistances in the dry
state and less to the improvement of the barrier properties;

» the use of chitosan in homogeneous mixtures contributed both to the
improvement of mechanical resistance and barrier properties, the best
results being obtained for acetylated xylan + chitosan mixtures (P25, P28,
P34);

» the use of ZnO and CuO nanoparticles in the composite mixtures
contributed to the improvement of the mechanical resistance properties
and those of the barrier to oils and fats, but by increasing the additions
from 10% to 20% the results did not improve significantly;

> the use of Lophanthus essential oil in composite mixtures contributed to
the improvement of gas, oil and fat barrier properties;

» by applying it in a multilayer system (double-layer), improved barrier
properties were obtained for the same deposit (4.5-5g/m?) compared to
the application in a single layer (P34, P50);

» by using homogeneous mixtures of acetylated xylan+chitosan in a 1:1 ratio,
hydrophobic surfaces were obtained, with contact angle values higher
than 90° (P25, P28);

» the barrier properties to oils and fats have been improved, obtaining KIT 8-
9 values comparable to those of the currently existing papers for food
packaging coated with synthetic polymers or fluorochemical compounds
(P28, P38, P39, P42, P48, P50).
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CHAPTER 7. Evaluation of the bioactive properties of papers
coated with xylan hemicellulose-based biopolymer dispersions

In this stage of the experimental program, the papers coated with
biopolymeric dispersions based on xylan/xylan derivatives and their mixtures
with other biopolymers or compounds with active properties, obtained in the
previous stages, were tested for the evaluation of antimicrobial properties
(antibacterial, antifungal), antioxidants, the behavior in food simulants and the
global migration of components in contact with food, with the aim of
identifying the optimal composition of the coating formulas used to ensure the
maintenance of the quality of the packaged food.

7.1. Antibacterial properties

To evaluate the antibacterial properties the coated papers obtained in the
different stages of the experimental program were initially tested against the
Gram-positive bacterium Bacillus subtilis, a non-pathogenic bacterium widely
used for laboratory studies because it is a sporogenous bacterium with very
resistant spores [286]. Subsequently, the selected coated paper samples
were tested against three pathogenic bacteria: Staphylococcus aureus
(Gram-positive), Salmonella sp. (Gram-negative) and Escherichia coli (Gram-
negative).

The ability to inhibit the growth of Bacillus subtilis

Table 7.1. Antibacterial activity of paper samples coated with native xylan/xylan
derivatives against Bacilllus subtilis

Sample Sample description Degree of Degree of
code colony colony
growth® inhibition, [%]
PO Base paper (+++) 15.40+0.14
Coatings applied in one layer
P1 Paper coated with native xylan (+--) 45.20+0.26¢
P2 Paper coated with native xylan+0.2% AKD (+--) 43.80+0.19f
P3 Paper coated with native xylan+0.5% AKD (+--) 44.50+0.20¢
P4 Paper coated with native xylan+1.0% AKD (+--) 46.10+0.23¢
P5 Paper coated with native xylan+1.5% AKD (++-) 20.10+0.169
P6 Paper coated with native xylan+2.5% AKD (++-) 20.20+0.18¢
P14 Paper coated with acetylated xylan (+--) 70.30+0.452
Coatings applied in triple layer
P10 Paper coated with native xylan (+--) 52.90+0.34°
P11 Paper coated with xylan+1.0% AKD (+--) 53.20+0.32°

(%) (+ + +) very good development; (+ + -) good development; (+ - -) poor development; (- - -) lack of development. (cf. SR
EN ISO 846:2000) ** Values are presented as mean + standard deviation. The influence of surface treatment was
highlighted in lowercase letters on the column; Values that do not share a lowercase letter per column are significantly
different (p<0.05)
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Table 7.2. Antibacterial activity of paper samples coated with mixtures of native
Xxylan/xylan derivatives with nanocrystalline cellulose and chitosan
against Bacillus subtilis

Sample Sample description Degree of Degree of colony
code colony inhibition, [%]
growth ()
after after after after
24 48 24 48
hours hours hours hours
Coatings applied in one layer
P15 Paper coated with (++-) (++-) 50.00+0.22°A 28.26+0.1298
nanocrystalline cellulose
P16 Paper coated with (+--) (+--) 95.10+0.1204 71.74+0.20%
chitosan
P26 Paper coated with (---) (+--) 100.00+0.002A 50.00+0.22¢8

native xylan +chitosan
(1:1)

P27 Paper coated with (---) (+--) 100.00+0.003A 95.10+0.12°8
xylan-2.5%AKD
+chitosan (1:1)

P28 Paper coated with (---) (---) 100.00+0.00**  100.00+0.002A
acetylated xylan
+chitosan( 1:1)

Coatings applied in double layer

P31 Paper coated with (++-) (++-) 33.16+0.15% 33.16+0.20%
nanocrystalline cellulose
in the bottom layer and
acetylated xylan in the
top layer
P33 Paper coated with (+--) (+--) 95.10+0.20°4 71.74+0.19%
xylan-2.5%AKD in the
bottom layer and
chitosan in the top layer
P34 Paper coated with (---) (+--) 100.00+0.002A 95.10+0.18%8
acetylated xylan in the
bottom layer and
chitosan in the top layer

(*) (+ + +) very good development; (+ + -) good development; (+ - -) poor development; (- - -) lack of development. (cf. SR
EN ISO 846:2000) ** Values are presented as mean * standard deviation. The influence of surface treatment was
highlighted in lowercase letters on the column; The influence of the incubation period was highlighted in large letters on the
line. Values not sharing a lowercase letter per column/uppercase letter per row are significantly different (p<0.05) based on
Tukey's method and 95% confidence level.

For all coated paper samples that have chitosan in their composition, the
effect of inhibiting bacterial development was maintained even after 48h of
incubation. It is observed that the inhibition effect exhibited by the paper
samples coated with xylan derivatives is amplified by the addition of chitosan.
Thus, the papers coated with mixtures based on acetylated xylan and
chitosan showed a total inhibition effect on the bacterium Bacillus subtilis both
after 24 hours and after 48 hours of incubation at 37°C. The obtained results
are also correlated with the gas barrier properties of the analyzed papers, the
values obtained for the water vapor transmission speed (WVTR) being lower
for these paper samples. This indicates that a low rate of water vapor
penetration into the paper substrate prevents bacterial growth [291, 292].
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Table 7.3. Antibacterial activity of paper samples coated with mixtures of native
xylan/derivatives and compounds with active properties against Bacillus subtilis

Sample Sample Degree of Degree of colony
code description colony growth inhibition, [%]
)
after after after after
24 48 24 48
hours hours hours hours

Mixtures with ZnO nanoparticles

P35 Paper coated with native (++-) (++-) 60.00+0.19%A 30.00+0.17M8
xylan+10%ZnO

P36 Paper coated with xylan- (++-) (++-) 40.00+0.229A 40.00+0.20™
2.5%AKD+10%Zn0O

P37 Paper coated with (---) (++-) 70.00+0.26% 50.00+0.24%
acetylated xylan
+10%Zn0

P38 Paper coated with native (---) (---) 100.00+0.002A 100.00+0,002A
xylan+20%ZnO

P39 Paper coated with xylan- (+--) (++-) 85.00+0.00°A 45.00+0.00¢8
2.5%AKD+20%Zn0O

P40 Paper coated with (+--) (++-) 85.00+0.00°A 45.00+0.008
acetylated xylan
+20%Zn0

Mixtures with CuO nanoparticles

P41 Paper coated with native (++-) (+++) 20.00+0.22A 15.00+0.12®
xylan+10% CuO

P42 Paper coated with xylan- (+++) (+++) 15.00+0.12A 5.00+0.20%®
2.5%AKD+10%CuO

P43 Paper coated with (+--) (++-) 60.00+0.00%A 55.00+0.22°8
acetylated xylan
+10%Cu0

P44 Paper coated with native (+--) (++-) 60.00+0.00* 35.00+0.0098
xylan+20%CuO

P45 Paper coated with xylan- (+--) (++-) 70.00+0.00% 30.00+0.0028
2.5%AKD+20%Cu0O

P46 Paper coated with (+--) (++-) 95.00+0.00%4 70.00+0.008
acetylated xylan
+20%Cu0O

Mixtures with Lophanthus Essential Oil

P47 Paper coated with native (++-) (++-) 40,00+0,15% 40,00+0,20"
xylan+10%
Lophanthus Essential Oil

P48 Paper coated with xylan- (++-) (++-) 50,00+0,20% 35,00+0,1998

2.5%AKD+10%
Lophanthus Essential Oil
P49 Paper coated with (++-) (++-) 35,00+0,00M 35,00+0,18%
acetylated xylan+10 %
Lophanthus Essential Oil

(*) (+ + +) very good development; (+ + -) good development; (+ - -) poor development; (- - -) lack of development. (cf. SR
EN ISO 846:2000) ** Values are presented as mean * standard deviation. The influence of surface treatment was
highlighted in lowercase letters on the column; The influence of the incubation period was highlighted in large letters on the
line. Values not sharing a lowercase letter per column/uppercase letter per row are significantly different (p<0.05) based on
Tukey's method and 95% confidence level.

From the analysis of the presented results, it can be observed that among
the compounds with active properties used, ZnO has the best antibacterial
effect, followed by CuO, respectively Lophanthus essential oil, with the lowest
effect.
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The ability to inhibit the growth of pathogenic bacteria

Staphylococcus aureus is a Gram-positive bacterium with a high
pathogenic potential that can survive in unconventional conditions, which
gives it increased chances of transmission, being a frequent cause of food
poisoning. Colonies of Staphylococcus aureus can develop on food packaged
or stored in improper conditions, being able to multiply even in food with a
relatively low water content [299]. To evaluate the inhibition capacity of the
selected coated paper samples, the Staphylococcus aureus strain and the
Mueller—Hinton culture medium were used, and the degree of development of
the bacterial culture on and around the analyzed paper samples was
evaluated after incubating the samples at 37 °C for 24-48 hours. After the 24
hours and 48 hours of incubation, the samples were visually inspected to
evaluate the development of Staphylococcus aureus colonies and to
determine the degree of inhibition of their growth, presented in table 7.4.
Among the coated paper samples obtained during the experimental program,
the paper samples that showed a high percentage of the inhibition effect on
the development of Bacillus subtilis bacteria were selected: P26, P27, P28,
P40, P32, P34 and the P50 sample that showed the most good barrier
properties.

Table 7.4. Antibacterial activity against Staphylococcus aureus of paper samples
coated with xylan/xylan derivative mixtures

Sample Sample description Degree of colony inhibition, [%]
code
after 24 after 48
hours hours
PO Base paper 0.00+0.00 0.00+0.00
Coatings applied in one layer
P1 Paper coated with native xylan 0.00+0.00 0.00+0.00
P26  Paper coated with native xylan +chitosan (1:1) 0.00+0.00 0.00+0.00
P27  Paper coated with 0.00+0.00 0.00+0.00
xylan-2.5%AKD+chitosan (1:1)
P28 Paper coated with 0.00+0.00 0.00+0.00
acetylated xylan+chitosan (1:1)
P40  Paper coated with 0.00+0.00 0.00+0.00

acetylated xylan +20%Zn0O

Coatings applied in double layer

P32  Paper coated with native xylan in the bottom 75.00+0.30°* 50.00+0.24%8
layer and chitosan in the top layer

P34  Paper coated with acetylated xylan in the bottom 100.00+0.002A 100.00+0.002A
layer and chitosan in the top layer

P50  Paper coated with acetylated xylan+20%Zn0O in 100.00+0.002* 100.00+0.002A
the bottom layer and acetylated xylan+chitosan
(1:1) in the top layer

*Values are presented as mean + standard deviation. The influence of surface treatment was highlighted in lowercase letters
on the column; The influence of the incubation period was highlighted in large letters on the line. Values not sharing a
lowercase letter per column/uppercase letter per row are significantly different (p<0.05) based on Tukey's method and 95%
confidence level

Only the paper samples with composite coatings applied in a double-layer
system showed an antibacterial effect, an effect that was maintained even
after 48 hours (P32, P34, P50)
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Salmonella sp. includes species of pathogenic Gram-negative bacteria of
enteric origin that cause some infectious diseases (typhoid fever, paratyphoid,
food poisoning, etc.). Salmonella sp. it is the cause of the most widespread
food poisoning, human contamination occurring through the ingestion of
infected water or food, the disease being called salmonellosis [311].

To evaluate the inhibition capacity of the selected coated paper samples,
the strain of Salmonella sp. and the Mueller—Hinton culture medium and the
degree of bacterial culture growth on and around the analyzed paper samples
was evaluated after incubating the samples at 37°C for 24-72 hours. After the
24 hours and 72 hours of incubation, the paper samples were visually
inspected to evaluate the development of Salmonella sp. colonies. and
determining the degree of inhibition of their growth, presented in table 7.5.

Table 7.5. Antibacterial activity against Salmonella sp. of paper samples coated
with xylan/xylan derivative mixtures

Sample Sample description Degree of colony inhibition,
code [%]
after 24 after 48
hours hours
PO Base paper 75.00+0.209%" 0.00+0.009%8
Coatings applied in one layer
P1 Paper coated with native xylan 75.00+0.309% 50.00+0.21¢°8
P26  Paper coated with native xylan +chitosan (1:1) 100.00+0.002A 50.00+0.26°8
P27  Paper coated with 100.00+0.002A 60.00+0.23%8
xylan-2.5%AKD+chitosan (1:1)
P28  Paper coated with 100.00+0.00**  40.00+0.19%
acetylated xylan+chitosan (1:1)
P40  Paper coated with 85.00+0.25¢A 10.00+0.18®

acetylated xylan +20%ZnO

Coatings applied in double layer

P32  Paper coated with native xylan in the bottom layer 90.00+0.22°A 20.00+0.24°8
and chitosan in the top layer

P34  Paper coated with acetylated xylan in the bottom 100.00+0,002A 85.00+0.2828
layer and chitosan in the top layer
P50  Paper coated with acetylated xylan+20%ZnO in 90.00+0,28%A 50.00+0.27¢8

the bottom layer and acetylated xylan+chitosan
(1:1) in the top layer

*Values are presented as mean + standard deviation. The influence of surface treatment was highlighted in lowercase letters
on the column; The influence of the incubation period was highlighted in large letters on the line. Values not sharing a
lowercase letter per column/uppercase letter per row are significantly different (p<0.05) based on Tukey's method and 95%
confidence level

From the analysis of the images presented and the results obtained, it can
be seen that after the first 24 hours all the analyzed paper samples, including
the base paper, had a very high inhibitory effect on the Salmonella sp.,
remaining at moderate or low values after 72 hours of incubation. Paper
samples coated in a single layer with equal mixtures of xylan and chitosan
(P26, P27, P28) as well as the one coated in two layers, showed total
inhibition after 24 hours but the effect was halved after 72 hours.The double-
layer coated paper samples had similar antibacterial effect. The paper sample
coated with acetylated xylan in the bottom layer and chitosan in the top layer
(P34) showed total inhibition after 24 hours and high level after 72 hours,
having the best antibacterial effect.
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Escherichia coli is a Gram-negative pathogenic bacterium, indigenous to
the intestinal microbiota of warm-blooded organisms, including humans.
Strains normally found in the human gut microbiota do not cause infections
[319]. Transmission of the bacterium Escherichia coli is associated with its
potential to survive in different environmental conditions and food
contamination can occur at any point in the food chain [320]. To evaluate the
inhibition capacity of the selected coated paper samples, the Escherichia coli
strain and the Mueller—Hinton culture medium were used, and the degree of
bacterial culture growth on and around the analyzed paper samples was
evaluated after incubating the samples for 24 -72 hours at 37°C. After the 24
hours and 72 hours of incubation, the paper samples were visually inspected
to evaluate the development of Escherichia coli colonies and to determine the
degree of inhibition of their growth, presented in table 7.6.

Table 7.6. Antibacterial activity against Escherichia coli of paper samples coated
with xylan/xylan derivative mixtures

Sample Sample description Degree of colony inhibition,
code [%]
after 24 after 48
hours hours
PO Hartie suport 00.00+0.00% 0.00+0.00M
Coatings applied in one layer
P1 Paper coated with native xylan 00.00+0.00°A 0.00+0.00M™
P26  Paper coated with native xylan +chitosan (1:1) 70.00+0.00°A 50.00+0.26%
P27  Paper coated with 90.00+0.002A 60.00+0.23°8
xylan-2.5%AKD+chitosan (1:1)
P28  Paper coated with 90.00+0.003A 90.00+0.19°A
acetylated xylan+chitosan (1:1)
P40  Paper coated with 70.00+0.25P4 30.00+0.18%®

acetylated xylan +20%Zn0O

Coatings applied in double layer

P32 Paper coated with native xylan in the bottom layer 90.00+0.222A 40.00+0.24¢8
and chitosan in the top layer
P34  Paper coated with acetylated xylan in the bottom 90.00+0.008  100.00+0.282

layer and chitosan in the top layer

P50  Paper coated with acetylated xylan+20%ZnO in the 90.00+0.282A 20.00+0.27%®
bottom layer and acetylated xylan+chitosan (1:1) in
the top layer

*Values are presented as mean * standard deviation. The influence of surface treatment was highlighted in lowercase letters
on the column; The influence of the incubation period was highlighted in large letters on the line. Values not sharing a
lowercase letter per column/uppercase letter per row are significantly different (p<0.05) based on Tukey's method and 95%
confidence level

From the analysis of the presented images and the obtained results, it can
be seen that after the first 24 hours, all the coated paper samples had a very
high inhibition effect of the Escherichia coli compared to the base paper and
the one coated with native xylan which had no kind of antibacterial effect. The
paper samples coated with chitosan composite mixtures (P26, P27, P28, P32,
P34, P50) as well as the one coated with two layers, showed a high degree of
inhibition after 24 hours, but this high effect was maintained after 72 hours
only in the case of papers containing acetylated xylan+chitosan in the
composition of the coating layers (P28, P34). In the case of papers containing
ZnO nanoparticles, the inhibitory effect was high after 24 hours, significantly
reducing after 72 hours of incubation.
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7.2. Antifungal properties

For the evaluation of the antifungal properties the coated papers
previously tested for the evaluation of the antibacterial properties were initially
tested against two types of molds: Aspergillus niger and Penicillium sp.

Aspergillus niger is a species of fungi in the genus Aspergillus consisting
of common molds present in the environment in soil and water, on vegetation,
in faeces, on decaying matter and suspended in the air [327]. Aspergillus
niger is a black mold and can grow on the surface of certain decaying fruits
and vegetables, being a food contaminant capable of producing toxins that
can affect the health of consumers [328].

Base paper and papers coated with xylan or xylan derivatives did not show
inhibition effect against Aspergillus niger. When using method A, all papers
coated with biopolymeric mixtures showed antifungal activity after 3 days of
incubation and only the chitosan-coated sample (P16) showed strong activity
even after 7 days. After 14 and 21 days, no sample showed antifungal effect.
In the case of using method B, it is noted that all the samples with chitosan in
the composition showed antifungal activity after 3, 7 and 14 days, while the
samples with nanocrystalline cellulose in the composition of the coating
layers did not show antifungal effect against Aspergillus niger. Papers coated
with mixtures of xylan/xylan derivatives and compounds with active properties
had no antifungal effect against the mold Aspergillus niger. After the first 3
days of incubation, all the samples were completely covered by mold spores,
after 7 days the spores also spread to the areas around the samples and
after 14 and 21 days the entire surface of the plates was completely covered
by mold colonies.

Penicillium sp. is a genus of fungi belonging to the division Ascomycota,
comprising more than 300 species and among the main causes of food
spoilage [331]. The species of Penicillium sp. are present in the air and dust
of indoor environments, such as food warehouses or homes. Their ability to
grow on seeds and other stored food is favored by their tendency to grow in
low moisture conditions and to colonize rapidly by aerial dispersal as long as
there is sufficient moisture available on a given surface [332].

Papers coated with xylan or xylan derivatives showed a very weak
inhibitory effect on the growth of the mold Penicillium sp. by the coating
pastes of the paper samples which was manifested by the absence of
sporulation on the surface of coated papers for all samples after 14 and 21
days, the color of the mold mycelium remaining white, compared to the
control sample (P0) where the color is green.

Papers with nanocrystalline cellulose coating layers (P15, P31) showed a
very weak antifungal effect, only in the first 3 days (Method A). All papers
coated with chitosan or its mixtures with xylan/xylan derivatives showed a
strong antifungal effect in the first 3 days and the effect was maintained
throughout the analyzed period in the case of samples P26 (one layer) and
P33 (two layers).

The paper coated with a homogeneous layer of chitosan had an effect of
total inhibition of mycelial growth in the first 3 days, evidenced by both
inoculation methods used. The best antifungal effect was obtained using
hydrophobized xylan with 2.5% AKD and chitosan by double-layer application
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(P33), the inhibition being total throughout the analyzed period in the case of
spraying method and less after 7 days in the case of flooding method.

The antifungal efficiency of chitosan has also been proven by the results
of other studies in the literature that attribute this effect to the electrostatic
interactions between chitosan and the surface of microbial cells that increase
the permeability of plasma membranes, ultimately causing their destruction
[333, 334].

In the case of using compounds with active properties in the composition
of the coating layers, it was observed that all paper samples containing ZnO
and Lophanthus essential oil had a moderate or reduced antifungal effect in
the first 3 days, and in the case of CuO a reduced antifungal effect was
observed only for composite mixtures with a 20% content. The influence of
CuO concentration on the growth inhibition of the mold Penicillium sp. was
also evaluated in other literature studies that indicated a fungistatic effect of
CuO at concentrations above 15% [335].

7.3. Antioxidant capacity

In addition to spoilage caused by microorganisms, another cause of
spoilage of packaged foods is mainly due to the presence of oxygen and its
chemical reaction products. The auto-oxidation process involves a chain
mechanism of free radicals that leads to the appearance of the mentioned
changes, the food packaging industry being in permanent search for new
solutions to reduce oxidation. In this experimental study, as materials with
potential active antioxidant properties were used ZnO and CuO nanoparticles
and Lophanthus essential oil, which were embedded in xylan/xylan derivative
biopolymeric matrix and used in food packaging paper surface coating
formulations. The DPPHe (2,2'-diphenyl-1-picrylhydrazyl) free radical
scavenging method was used to evaluate the antioxidant capacity of papers
coated with different coating formulas containing antioxidants [341]. The
DPPH assay is widely used for the evaluation of antioxidant activity because
it is considered sensitive enough to detect active compounds even at low
concentrations [342].

Paper samples coated with xylan/xylan derivatives where the addition of
ZnO was 20% (P38, P39, P40), the addition of CuO was 20% (P44, P45, P46)
and the addition of of Lophanthus essential oil 10% (P47, P48, P49) were
selected for this evaluation. Alcoholic extracts with concentrations of 25
mg/mL and 50 mg/mL were prepared from them. The inhibition percentage of
the DPPH- radical activity, for each of the two concentrations of the prepared
extracts, was determined by the spectrophotometric method and calculated
based on the absorbance of the analyzed samples at the wavelength (A) of
517 nm. From the analysis of the obtained results, it can be observed that the
DPPH- radical inhibition percentage values are lower for extracts with a
concentration of 25 mg/mL compared to those with a concentration of 50
mg/mL.

The antioxidant activity is primarily influenced by the concentration, the
higher the concentration, the higher the antioxidant activity [343-345].
Antioxidant activity is also influenced by the nature and type of material with
antioxidant properties used.
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The best results, for both analyzed concentrations, were recorded for the
paper samples coated with composite mixtures based on native
xylan/hydrophobic xylan with 2.5% AKD and 10% Lophanthus essential oil
(LEO), with recognized antioxidant properties, in the composition whose main
constituent is estragole [132, 346].

Table 7.13. Antioxidant activity of paper samples coated with composite mixtures
based on native xylan/xylan derivatives and compounds with active properties

Sample Sample description free radical inhibition DPPH [%]
code 25 mg/mL 50 mg/mL
P38 Paper coated with native xylan+20% ZnO 47,72+0,0033 76,51+0,002¢A3
P39 Paper coated with xylan-2.5%AKD+ 50,39+0,002¢83 70,94+0,001943
20% ZnO
P40 Paper coated with acetylated xylan + 50,46+0,002¢82 74,39+0,001%3
20% ZnO
P44 Paper coated with native xylan +20% CuO 56,56+0,002982 84,09+0,001A2
P45 Paper coated with xylan-2.5%AKD+ 57,40+0,002°82 83,03+0,0019A1
20% CuO
P46 Paper coated with acetylated xylan + 56,38+0,002981 86,65+0,001°A1
20% CuO
P47 Paper coated with native xylan +10% LEO 77,99+0,001281 89,66+0,0012A1
P48 Paper coated with xylan-2.5%AKD + 70,20+0,00108a 89,22+0,0013A1
10% LEO
P49 Paper coated with acetylated xylan + 45,17+0,003983 76,05+0,001¢A2
10% LEO
* Values are presented as mean + standard deviation. The influence of surface treatment has been highlighted in lowercase
letters on the column. The i of the col ion of the lyzed sample was highligi in capital letters on the line.
The influence of the type of xylan (native or derivatives) in the composit ixtt was highlig with column be

Mean values that do not share a lowercase letter/digit per column or an uppercase letter per line are statistically different
(p<0.05) based on Tukey's method and 95% confidence level.

Among the two mineral oxides used in the composite mixtures (ZnO and
CuO), the best results were obtained for the papers with 20% CuO content
followed by those with 20% ZnO, similar results indicating a higher
antioxidant effect of nanoparticles of CuO in relation to those of ZnO
nanoparticles, also found in other studies in the literature [343].

7.4. Evaluation of behavior in food simulants

The interaction between a food and packaging is considered particularly
important, especially if the food comes into direct contact with the material
from which the packaging is made, because this interaction is considered an
exchange of components between food, packaging and the environment that
can affect the quality and safety of packaged foods. The coating formulations
used in the surface treatment of the papers were evaluated for their behavior
in food simulants and component migration tests. The tests were carried out
on biopolymeric films obtained from paper surface treatment mixtures. The
food simulants used to substitute different food categories were:

- Simulant A (distilled water), for replacing watery, neutral foods;

- Simulant B (diluted acetic acid solution, 3%), for substituting acidic foods;

- Simulant C (ethanol solution in water, 10%), for substituting alcoholic foods;
- Simulant D1 (50% ethanol mixture with 50% water), for substituting dairy
products;

- Simulant D2 (ethanol 95%), for substituting fatty foods.
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Tabel 7.14. Encoding and composition of biopolymeric films based on native
xylan/xylan derivatives with nanocrystalline cellulose and chitosan

Film Film composition Coated paper
code code
F1 native xylan P1, P29, P32
F2 hydrophobized xylan with 2.5% AKD P6, P30, P33
F3 acetylated xylan P14,P31, P34
F4 nanocrystalline cellulose (NCC) P15, P29, P30, P31
F5 chitosan P16, P32, P33, P34
Fé native xylan+NCC (3:1) P17
F7 hydrophobized xylan with 2.5% AKD+NCC (3:1) P18
F8 acetylated xylan+NCC (3:1) P19
F9 native xylan+NCC (1:1) P20
F10 hydrophobized xylan with 2.5% AKD+NCC (1:1) P21
F11 acetylated xylan+NCC (1:1) P22
F12 native xylan+chitosan (3:1) P23
F13 hydrophobized xylan with 2.5% AKD+chitosan (3:1) P24
F14 acetylated xylan+chitosan (3:1) P25
F15 native xylan+chitosan (1:1) P26
F16 hydrophobized xylan with 2.5% AKD+chitosan (1:1) P27
F17 acetylated xylan+chitosan (1:1) P28, P50

The testing was carried out by total immersion, so that during the contact
time (24 hours/25°C) both sides of samples were in direct contact with the
food simulants. After the expiration of the period of direct contact with the
food simulants the films were dried and the solubilities for each simulant
category were calculated.

From the analysis of the presented results, it was observed that the films
based on xylan/xylan derivatives had a very high solubility in simulants A and
C, medium in simulants B and D1 and low in simulant D2, and nanocrystalline
cellulose films had high solubility in simulant A, medium in simulants C and
D1 and low in simulants B and D2. These are due to the hydrophilic character
of xylan hemicellulose and nanocrystalline cellulose. The use of xylan/xylan
derivatives in mixtures with nanocrystalline cellulose contributed to increased
solubility in simulants A and C and reduced solubility in simulants B, D1 and
D2.

Chitosan films have low solubility in simulants A, C, D1 and D2 and high
solubility in simulant B, due on the one hand to its hydrophobic character and
on the other hand to its solubility in dilute acetic acid solutions. Films obtained
from mixtures of xylan/chitosan derivatives showed much lower solubility in all
simulants being consistent with other literature data [240].
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Figure 7.15. Solubility in food simulants of biopolymeric films used as coating
layers for food packaging papers

Also, the results obtained show that all the tested films are the least
soluble in simulant D2, which indicates their potential for use in obtaining
packaging for foods with a high content of oils and fats [348].

7.5. Migration tests

Migration is the transfer of chemicals into foods from the food packaging
they come into contact with. Migration of chemicals can be general or specific.
In the case of packaged foods, migration can occur simultaneously in both
directions, both from the packaging material to the food and from the food to
the packaging material [351]. However, from a food safety point of view, the
focus is on the migration of chemicals from the packaging material into the
food.

For packaging made of plastic materials that come into contact with food,
the global migration limit established by Regulation (EU) No. 10/2011 is 10
mg/dm?, the specific migration limit being established individually for each
substance in Annex | to the Regulation, and for substances that do not have a
specific migration limit or other restrictions in Annex I, a generic specific
migration limit of 60 mg/kg applies.

In this stage of the experimental program, global migration tests of
components from paper samples coated with xylan-based coatings were
performed. The migration tests were performed by rapid extraction in
isooctane, the extraction medium used being an alternative method of
simulating foods with fat content.
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Table 7.16. Global isooctane migration values for papers coated with xylan-based

mixtures
Paper Paper sample description No. Rezults
code layers [mg/dm?]
PO Base paper (uncoated) 0 0.75+0.049
P1 Paper coated with native xylan 1 0.55+0.05/
P4 Paper coated with hydrophobized xylan+1 % AKD 1 0.45+0.04%
P6 Paper coated with hydrophobized xylan+2.5% AKD 1 0.80+0.10¢
P10 Paper coated with native xylan-triple layer 3 0.35+0.09'
P11 Paper coated with hydrophobized xylan+1% AKD - 3 0.55+0.05
triple layer
P12 Paper coated with native xylan in the bottom layer and 2 0.65+0.06"
hydrophobized xylan with 1% AKD in the top layer
P13 Paper coated with native xylan in the bottom layer and 2 1.15+0.11¢
hydrophobized xylan with 2.5% AKD in the top layer
P14 Paper coated with acetylated xylan 1 0.45+0.05%
P15 Paper coated with NCC 1 0.60+0.09'
P16 Paper coated with chitosan 1 0.45+0.05
P20 Paper coated with native xylan +NCC (1:1) 1 0.35+0.08'
P21 Paper coated with hydrophobized xylan+2.5% AKD 1 0.55+0.07
+NCC (1:1)
P22 Paper coated with acetylated xylan+ NCC (1:1) 1 0.45+0.06
P26 Paper coated with native xylan +chitosan (1:1) 1 1.20+0.08¢
P27 Paper coated with hydrophobized xylan+2.5% AKD 1 0.75+0.049
+chitosan (1:1)
P28 Paper coated with acetylated xylan +chitosan (1:1) 1 1,15+0,15¢
P29 Paper coated with NCC in the bottom layer and native 2 0.45+0.06%
xylan in the top layer
P30 Paper coated with NCC in the bottom layer and 2 0.35+0.05'
hydrophobized with 2.5%AKD in the top layer
P31 Paper coated with NCC in the bottom layer and 2 0.55+0.06!
aceylated xylan in the top layer
P32 Paper coated with native xylan in the bottom layer and 2 0.75+0.069
chitosan in the top layer
P33 Paper coated with hydrophobized xylan with 2.5% AKD 2 0.30+0.03™
in the bottom layer and chitosan in the top layer
P34 Paper coated with acetylated xylan in the bottom layer 2 0.45+0.04%
and chitosan in the top layer
P38 Paper coated with native xylan +20% ZnO 1 0.35+0.06'
P39 Paper coated with hydrophobized xylan+2.5% AKD 1 1.70+0.262
+20% ZnO
P40 Paper coated with acetylated xylan +20% ZnO 1 0.95+0.09¢
P44 Paper coated with native xylan +20% CuO 1 0.45+0.01k
P45 Paper coated with hydrophobized xylan+2.5% AKD 1 0.65+0.05"
+20% CuO
P46 Paper coated with acetylated xylan +20% CuO 1 0.45+0.08%
P47 Paper coated with native xylan +10% Lophanthus 1 0.55+0.05
essential oil
P48 Paper coated with hydrophobized xylan+2.5% AKD 1 0.75+0.089
+10% Lophanthus essential oil
P49 Paper coated with acetylated xylan +10% Lophanthus 1 0.65+0.16"
essential oil
P50 Paper coated with acetylated xylan +20% ZnO in the 2 1.55+0.18°
base layer and acetylated xylan +chitosan (1:1) in the
top layer

* Values are presented as mean + standard deviation. The influence of surface treatment was highlighted by lowercase
letters per column Mean values that do not share a lowercase letter per column are statistically different (p<0.05) based on
Tukey's method and 95% confidence level
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7.6. Partial conclusions

The results obtained during this stage of the experimental program
allowed the elaboration of the following partial conclusions:

by using xylan/xylan derivatives as well as their mixtures with other
biopolymers (nanocrystalline cellulose and chitosan) or compounds with
active properties (ZnO, CuO, Lophanthus essential oil) in the coating
formulas of packaging papers, their antibacterial capacity has been
significantly improved compared to base paper;

coating formulas containing xylan derivatives, chitosan and high
concentrations of ZnO and CuO nanoparticles (20%) showed the best
antibacterial activity against the Gram-positive bacterium Bacillus subtilis,
Lophanthus essential oil having a moderate inhibitory effect;
homogeneous coating formulas based on acetylated xylan and chitosan,
applied in a double layer, had a total inhibition effect against the Gram-
positive pathogenic bacteria Staphylococcus aureus, both after 24 hours
and after 48 hours;

composite coating formulas based on mixtures of native xylan/derivatives,
chitosan and ZnO (20%) had a strong antibacterial effect against Gram-
negative pathogenic bacteria, Salmonella sp. and Escherichia coli, in the
first 24 hours, the antibacterial effect diminishing after 72 hours. Paper
samples coated with acetylated xylan and chitosan in a single layer as well
as in a double layer (with acetylated xylan in the base layer and chitosan
in the top layer) showed total inhibition after 24 hours, which was
maintained after 72 hours;

coating formulas based on mixtures of xylan and chitosan derivatives
showed a high antifungal effect against Aspergillus niger mold, an effect
maintained up to 14 days. The use of nanocrystalline cellulose in the
coating formulas had a weak inhibitory effect, only in the first 3 days, and
compounds with active properties had no inhibitory effect;

coating formulas based on mixtures of xylan and chitosan derivatives
showed a high antifungal effect against the mold Penicillium sp., an effect
maintained even up to 21 days. The use of nanocrystalline cellulose in
coating formulations had a very weak inhibitory effect only during the first
3 days. Among the compounds with active properties, Lophanthus
essential oil had the best inhibitory effect, an effect maintained up to 21
days;

the use of ZnO in the coating formulas had a moderate antifungal effect
only in the first 3 days, for both tested concentrations (10% and 20%). The
use of CuO in the coating formulas had a moderate antifungal effect at
only the 20% concentration, an effect maintained only during the first 3
days;

» the antioxidant activity of coating formulas containing compounds with
active properties is directly influenced by the chemical nature of the
substance and its concentration. The best results were obtained by using
Lophanthus essential oil (10%), followed by CuO (20%) and ZnO (20%),
as well as a concentration of 50mg/mL of the extract alcoholic tested by
DPPH free radical scavenging method;
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» the evaluation of the behavior in food simulants of fiims based on
xylan/xylan derivatives and their mixtures with nanocrystalline cellulose
and chitosan confirmed the improvement of resistance to the action of
water or dilute aqueous solutions for xylan derivatives and for their
mixtures with chitosan. The presence of nanocrystalline cellulose in the
mixtures had a negative effect when tested in simulants A and B,
contributing to the increase in water solubility of the biopolymer mixtures
due to its strong hydrophilic character;

» films obtained from mixtures of xylan/chitosan derivatives showed much
lower solubility in all simulants. The obtained results show that all the
tested films are the least soluble in simulant D2, which indicates their
potential for use in obtaining packaging for foods with a high content of oils
and fats;

» the results of testing the global migration of components in isooctane,
obtained for the papers coated with composite mixtures, indicated values
far below the limit value of the global migration of components (10 mg/dm?)
imposed by EU Regulation no. 10/2011 for all paper samples tested.
These results are in correlation with the results of the compartment
evaluation of biopolymer films tested in food simulant D2, which
reconfirmed their potential for use in obtaining packaging that comes into
contact with fatty foods, under food safety conditions.

CHAPTER 8. Evaluation of the biodegradation capacity of
food packaging papers coated with xylan hemicellulose
biopolymeric dispersions

Biodegradation is the process of decomposition of organic matter by
various microorganisms, such as bacteria and fungi, being considered a
natural process with a vital role for nutrient and energy recycling [354-357].
These microorganisms use organic matter as a source of nutrition for their
metabolism, part of the substances being used in metabolic processes and
the rest of the substances being oxidized through cellular respiration, the
result being the formation of simple and small sub-metabolites, released into
the environment [358- 359]. The biodegradation process proceeds in three
stages: biodeterioration, biofragmentation and assimilation [360]. The
biodegradation of materials is influenced by a multitude of factors, the most
important of which are: the nature of the material, the environment in which it
occurs (soil, water, air) and other environmental factors (light, humidity,
temperature, the presence or absence of oxygen, etc.).

The standard used by the European Union to classify a material as
biodegradable that more than 90% of the original material must be converted
by biological processes into CO2, water and minerals within 6 months. Among
the materials used to obtain food packaging, paper and cardboard are
considered to be the most easily biodegradable of all types of packaging used
today.

In this chapter are presented the results of testing the biodegradation
capacity in soil of papers coated with xylan hemicellulose-based dispersions
obtained within the experimental program.
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The paper samples selected for the evaluation of the biodegradation
capacity and the description of the composition of the coating layers are
presented in table 8.1.

Table 8.1. Description of paper samples coated with xylan/xylan derivative
composite mixtures selected for biodegradability evaluation

Sample  Sample description Coating
code layers no.
PO Base paper 0
P1 Paper coated with native xylan 1
P6 Paper coated with xylan+2.5% AKD 1
P14 Paper coated with acetylated xylan 1
P15 Paper coated with nanocrystalline cellulose(NCC) 1
P20 Paper coated with native xylan+ NCC (1:1) 1
P21 Paper coated with xylan+2.5% AKD+NCC (1:1) 1
P22 Paper coated with acetylated xylan+NCC (1:1) 1
P16 Paper coated with chitosan 1
P26 Paper coated with native xylan+chitosan (1:1) 1
P27 Paper coated with xylan+2.5% AKD+chitosan (1:1) 1
P28 Paper coated with acetylated xylan+chitosan (1:1) 1
P40 Paper coated with acetylated xylan+20%2ZnO 1
P34 Paper coated with acetylated xylan in the bottom layer and 2
chitosan in the top layer
P50 Paper coated with acetylated xylan+20%ZnO in the bottom layer 2

and acetylated xylan +chitosan(1:1) in the top layer

The evaluation of the capacity of aerobic biodegradation in the soil was
carried out by burying the paper samples in the soil, under specific conditions,
for periods of time up to 42 days (6 weeks), determining through different
analysis methods at different time intervals (7, 28, 42 days):

- the biodegradation rate, expressed as a percentage of mass loss;

- the amount of CO: released from the catabolic processes of
microorganisms;

- physical and structural changes due to biodegradation, at the
macroscopic and microscopic level;

- the microbiological changes of the used soil due to biodegradation
products.

To evaluate the influence of the composition of the coating layers applied
to the surface of the papers on the biodegradability, the base paper was used
as a control sample.

8.1. Evaluation of biodegradation rate of food packaging papers coated
with xylan hemicellulose bipolymeric dispersions after soil contact

The samples prepared from the papers subjected to analysis were initially
weighed and buried in the soil for 7, 28 and 42 days then dug up and
reweighed. The biodegradation rate was calculated based on the difference
in mass of the samples before the time of burial in the soil and after each of
the established time periods as a percentage of mass loss.
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Table 8.2. Biodegradation rate of papers coated with biopolymeric and
composite mixtures based on xylan/xylan derivative

Sample Biodegradatin rate, [%] / Biodegradation period in soil

code 7 days 28 days 42 days
PO 13.42+2.11bC 47.86+3.5148 80.31+2.36%
P1 8.90+1.389C 57.49+3.79%8 68.15+3.04/A
P6 8.78+1.21¢¢ 50.64+2.81c8 81.63+4.749%
P14 8.66+1.199C 29.56+2.99® 75.87+4.47°A
P15 15.74+2.40%C 23.23+3.46+8 67.24+4.33kA
P20 13.58+2.15C 44.13+3.06°8 74.58+4.59™
P21 11.44+2.36°C 29.49+3.08® 68.90+3.65/A
P22 10.51+2.049C 31.42+2.40M8 70.97+4.454
P16 9.32+1.42fC 50.92+3.62°8 82.44+4.98°A
P26 8.49+1.20C 27.44+3.108 87.67+5.18%A
P27 8.19+0.92C 33.88+3.6298 71.09+5.04"A
P28 8.18+1.10C 27.49+2.318 72.42+5.629"
P40 13.26+2.41C 56.95+3.4008 80.35+6.439%
P34 10.49+1.459%C 41.92+4.32%® 80.35+6.769%
P50 9.71+1.15°¢ 74.67+5.062 91.5645.732A

*Values are presented as mean * standard deviation. The influence of surface treatment was highlighted in lowercase
letters on the column; The influence of the biodegradation period in the soil was highlighted in large letters on the line.
Values do not sharing a lowercase letter per column/uppercase letter per row are significantly different (p<0.05) based on
Tukey's method and 95% confidence level

From the analysis of the presented results, it can be observed that after 42
days the paper samples coated with mixtures of xylan/xylan derivatives and
nanocrystalline cellulose, chitosan or zinc oxide nanoparticles reached similar
values of the biodegradation rate, between 70-80%. The best results were
obtained by applying successive composite layers based on acetylated xylan,
chitosan and 20% ZnO nanoparticles (P50), the biodegradation rate being
approx. 75% after 28 days and approx. 92% after 42 days.

8.2. Evaluation of the CO: production capacity of food packaging
papers coated with xylan hemicellulose biopolymeric dispersions

The biodegradation capacity of an organic material is also directly
correlated with the capacity to produce CO2 as a result of the catabolic
processes through which the microorganisms present in the soil break down
the biopolymeric materials.

The higher the amount of CO- produced, the more easily biodegradable
the material is considered to be. The general equation of aerobic
biodegradation is as follows:

cbiopolymer + 02 g Cresidual + Cbiomass + COZT + HZO

The analyzed paper samples were buried under specified conditions in the
soil for different periods of time: 7, 14, 21 and 28 days, and the amount of
CO:2 evolved, captured in an alkaline solution, was determined using a
volumetric analysis method based on the neutralization reaction.
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Tabel 8.3. Cantitatea de CO:2 degajat din procesul de biodegradare in sol a
probelor de hartie acoperite cu amestecuri biopolimerice si compozite pe bazéa de
Xilan/derivati de xilan

Sample CO2, [mg] / Biodegradation period in soil

code 7 days 14 days 21 days 28 days
PO 1.01+0.58 2.02+0.59® 5.72+0.62°¢ 7.70+0.140
P1 0.96+0.24 1.92+0.24"® 10.34+0.329¢ 13.64+0.25°°
P6 0.87+0.419¢ 1.74+0.4198 8.02+0.211¢ 14.74+0.12%®
P14 0.76+0.33"¢ 1.52+0.33" 11.22+0.26' 15.18+0.24°P
P15 1.32+0.79%C 2.64+0.79°8 1.32+0.24i 14.52+0.6490
P20 0.66+0.24C 1.32+0.24® 12.10+0.219C 14.08+0.11¢P
P21 0.58+0.12¢ 1.16+0.128 12.43+0.13°C 16.17+0.320
P22 1.12+0.72%C 2.24+0.72¢8 12.65+0.62 16.39+0.59°0
P16 3.52+0.992C 7.04+0.98%8 11.88+0.89°C 14.96+0.75%
P26 1.76+1.01°C 3.52+1.11°8 14.08+1.01°¢ 14.96+0.999%°
P27 1.70+1.24C 3.40+1.248 11.33+1.14C 14.85+0.900
P28 1.15+0.86°C 3.30+0.86% 11.55+0.80°C 15.07+0.63™
P40 1.45+0,25° 2.53+0,34¢8 12.13+0.434C 13.89+0.74°0
P34 1.29+0.19% 3.69+0.298 11.75+0.38°C 15.25+0.59°°
P50 1.25+0.124C 6.45+0.21%8 16.25+0.34°C 18.75+0.45%0

*Values are presented as mean + standard deviation. The influence of surface treatment was shown in small letters on the
column; the influence of the biodegradation period in the soil was shown in upper letters on the row. Values do not sharing a
lowercase letter per column/uppercase letter per row are significantly different (p<0.05) based on Tukey's method and 95%
confidence level

From the analysis of the presented results, it can be observed that after 28
days the paper samples coated with mixtures of xylan/xylan derivatives and
nanocrystalline cellulose, chitosan or ZnO nanoparticles reached similar
values of the amount of CO: resulting from the biodegradation reactions,
between 14-16 mg CO2, being higher than the amount of CO: resulting from
the biodegradation of the uncoated backing paper.

The better results obtained for papers coated with mixtures of xylan and
nanocrystalline cellulose, respectively chitosan, may be due to their
biocompatibility with the environment and their individual high biodegradation
capacities, which led to faster soil degradation of the coated samples.

All the biopolymers used being natural polysaccharides, during the
catabolic processes of metabolizing sugars there is an intensification of the
number and activity of the microorganisms involved which may be due to
several enzymes that catalyze the degradation reactions of polysaccharides
into oligosaccharides and monosaccharides [348, 156].

The best results were obtained by applying successive composite layers
based on acetylated xylan, chitosan and 20% ZnO nanoparticles (P50), the
amount of COz resulting after 28 days and 42 days being 16-19 mg.

8.3. Structural and microbiological evaluation of the biodegradation
products of food packaging papers coated with xylan hemicellulose
biopolymeric dispersions
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Evaluarea structurala a probelor de hartie supuse biodegradarii

The biodegradability of the analyzed paper samples was structurally
evaluated by visual examination and optical microscopy (x4.5) of their
physical degradation after each period of burial in soil. Regarding the
biodegradation capacity of papers coated with nanocrystalline cellulose or
mixtures with equal proportions of native xylan/xylan derivatives, it is
observed that its incorporation into the mixtures contributed to obtaining much
denser coating layers, resistant to the attacks of microorganisms up to 28
days. However, the hydrophilic character of nanocrystalline cellulose
facilitates the penetration of water into the material subject to degradation
over time and therefore, in addition to surface erosion, it promotes hydrolytic
degradation by increasing the solubilization of the oligomers formed which
are then metabolized by the microorganisms present in the soil [365]. The
presence of chitosan in combination with xylan derivatives, especially
acetylated xylan, contributes to reducing the crystallinity of the thin coating
layers facilitating the biodegradation process after the first days of burial in
the soil. Materials with an amorphous structure are more easily biodegradable
than crystalline ones [366]. Thus, the best results in terms of biodegradability
were obtained by the coded paper sample P50 in which, along with chitosan,
acetylated xylan is part of the composition of both coating layers.

Microbiological evaluation of products present in soil after
biodegradation

The images of the microorganisms present during the biodegradation
period, for each type of soil sample analyzed, are presented in figure 8.5.

ve
o |
o

P16 P26 P27 P28 P40 P34
Figure 8.5. Soil microbiota after biodegradation of papers coated with
xylan/xylan derivatives

The positive influence of coatings based on xylan/xylan derivatives and their
mixtures with nanocrystalline cellulose, chitosan, ZnO nanoparticles, on the
microorganisms growth is evidenced by the presence of an increased number
of colony forming units (CFU) per gram of soil after the biodegradation period
of the paper samples compared to those present in the soil before the burial
of the paper samples, as can be seen in table 8.4.
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Table 8.4. Average number of CFU/g soil before and after biodegradation [348]

Soil sample Inoculation method / [UFC/g]

PDA ,without antibiotic PDA , with antibiotic

Soil before biodegradation 3,07 x 105 + 5,37 x 10* 2,11 x 10+ 6,46 x 108
Soil after biodegradation 5,43 x 105+ 3,48 x 10* 1,10 x 105+ 2,25 x 104

From the analysis of the results presented in table 8.4. it is observed that
before biodegradation, the number of bacteria present in the soil is about 15
times higher than that of molds. After the expiration of the biodegradation
period, the number of colony-forming units present in the soil increased
compared to those present before biodegradation, which shows the influence
of the presence of coated papers in the soil. Thus, the number of bacteria
present in the soil after biodegradation increased by approx. 2 times while the
number of fungi increased more than 5 times, which indicates a much faster
growth of fungi. The number of bacteria still remained higher than that of fungi
even after biodegradation, but the ratio between them was significantly
reduced, confirming the much faster growth of fungi.

Based on the visual analysis of the characteristics of the developed
microorganisms (appearance, color, shape), an attempt was made to identify
the type of microorganisms present in the soil. The fungi that grew faster,
spreading over a large area of the plates, show specific characteristics that
indicate the presence of Aspergillus fumigatus and Penicillium digitatum
(colonies colored green in the center and white on the edges), as can be
seen in figure 8.6.a [156]. Along with these, other small colonies, with smooth
edges, colored in brown or other white fungi can be observed, as can be seen
in figure 8.6.b.

(b)
Figure 8.6. Identification of microorganisms developed in soil after
biodegradation: (a) Aspergillus fumigatus-like colonies (without antibiotic on
PDA plate), (b) Fungi (with antibiotic on PDA plate) [348]

Aspergillus fumigatus, is a species of fungi of the genus Aspergillus,
widely distributed in nature, commonly found in soil and decaying organic
matter such as compost heaps, playing an essential role in the life cycle of
carbon and nitrogen [367]. Penicillium digitatum, is a species of fungi from the
division Ascomycota, mesophilic, usually found in the soil of citrus producing
areas [368-370]. Due to the specificity of Penicillium digitatum to grow on
citrus fruits, the chances that the type of fungi is Aspergillus fumigatus are
much higher [156, 348, 371].
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Their presence, along with other identified species, supports the
biodegradability of the xylan hemicellulose-based coating layers used and
highlights the active role of microorganisms in the biodegradation process.

8.4. Partial conclusions

The results obtained during this stage of the experimental program
allowed the elaboration of the following partial conclusions:

> all analyzed paper samples indicated a high level of biodegradability in the
soil;

» the presence of chitosan in the coating layers in combination with
acetylated xylan reduces the crystallinity of the thin layers and facilitates
biodegradation from the first days of burial in the soil. After 28 days and 42
days of degradation in soil all paper samples coated with xylan, xylan
derivatives, chitosan, nanocrystalline cellulose and their mixtures have a
similar degradation capacity (70-80% mass loss and 14-16 mg CO:
released);

» the best results were obtained for the coded paper sample P50, covered
with two successive layers in the composition of which the common factor
is acetylated xylan, along with chitosan and ZnO (75-92% mass loss and
16-19 mg CO: released), falling within the European standard that
establishes that at least 90% should be converted in 6 months;

» the positive influence of the composition of the coating layers of the buried
paper samples on the growth of microorganisms in the soil was highlighted
by the appearance of a greater number of colony-forming units (CFU) per
gram of soil after their burial in the soil;

» fungi and bacteria are the main microorganisms involved in the
decomposition process in many ecosystems. By secreting specific
enzymes, they degrade complex organic materials and recycle nutrients
present in the environment. In turn, bacteria play a vital role in many
stages of the nutrient life cycle, contributing to the fixation of nitrogen from
the atmosphere;

» the positive results obtained at this stage of the experimental program
provide guidelines for obtaining new food packaging materials, with similar
performance to existing ones, but which are obtained from renewable
resources and which, at the end of their life cycle, can be recycled or
biodegraded without leaving contaminants or toxic residues in the
environment.

CHAPTER 9. Testing packaging paper coated with xylan
hemicellulose biopolymeric dispersions in contact with food

Food packaging has an essential role in the process of ensuring the
quality, safety and extension of the shelf life of food, in all stages from
production to consumption.
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The shelf life of food is defined as "the period of time during which food
retains within acceptable limits a series of characteristics: taste, aroma, color,
texture, nutritional value and safety, under defined environmental conditions".
The evaluation of the behavior in food simulants is the starting point for the
evaluation of packaging-food compatibility and the establishment of the food
category for which the tested packaging can meet the criteria imposed to
ensure the maintenance of their quality and safety, but, for the validation of
compliance, direct packaging-contact tests are required food
In this stage of the experimental program, based on the results obtained in
the previous stages, a series of coated papers were selected, with good
results regarding the set of functional properties and the behavior in different
food simulants, for the purpose of testing in direct contact with different food
categories .

Table 9.1. Description of paper samples coated with xylan/xylan derivative
composite mixtures selected for direct food contact testing

Sample Sample description Coating layers
code no.
PO Base paper 0
P1 Paper coated with native xylan 1
P27 Paper coated with xylan+2.5% AKD+chitosan (1:1) 1
P28 Paper coated with acetylated xylan+chitosan (1:1) 1
P40 Paper coated with acetylated xylan+20%ZnO 1
P34 Paper coated with acetylated xylan in the bottom layer 2
and chitosan in the top layer
P50 Paper coated with acetylated xylan+20%ZnO in the 2
bottom layer and acetylated xylan +chitosan(1:1) in the
top layer

9.1. Selection of agri-food products that will be tested

For testing the paper samples presented in table 9.1 in direct contact with
food, three agri-food products belonging to different food categories were
selected:

- fresh moon radishes, from the category of foods with a high water
content;

- fresh butter, from the category of wet dairy products, with fat content;

- concentrated cube of dehydrated vegetables with chicken taste, base for
dishes, from the category of food products with a high content of oils and fats.

9.2. Testing the protective capacity of fresh vegetables
Among the fresh vegetables, for this experimental study, radishes

(Raphanus sativus conv. radicula) harvested directly from the garden were
tested.
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Figure 9.1. Radishes unpackaged and packaged in papers coated with xylan-
based mixtures before and after storage for 7 days and 14 days at 4°C

Weight loss during storage

Table 9.2. Variation in weight loss of packaged and unpackaged radishes during

storage
Sample Weight loss, [%] / Storage period
code 7 days 14 days
[9 25.47+0.3222 43.79+0.722
PO 22.69+0.280A2 33.18+0.510A1
P1 21.10+0.24¢82 30.50+0.47¢01
P27 17.74+0.21¢D2 28.58+0.31%!
P28 16.66+0.2312 31.84+0.459C1
P40 18.00+0.204¢2 32.36+0.54¢81
P34 14.88+0.15972 24.98+0.26%"
P50 16.31+0.18E2 20.63+0.23"¢"

*Values are presented as mean + standard deviation. The influence of storage mode (unpackaged/packaged) was
highlighted in lowercase letters on the column. The influence of the treatment on the surface of the packaging papers was
highlighted in uppercase letters on the column. The influence of the storage period was highlighted with figures per line.
Values that do not share a lowercase or uppercase letter per column/digit per line are significantly different (p<0.05) based
on Tukey's method and 95% confidence level

From the analysis of the data presented in table 9.2. it can be seen that
paper-wrapped radishes experienced a lower mass loss than non-wrapped
ones, with 10-40% after 7 days and 25-50% after 14 days.

Papers coated with xylan and chitosan derivatives ensured better
conditions for keeping the quality of radishes during storage compared to the
support paper or paper coated with native xylan.

Also, the results obtained in the case of using paper with layered coatings
indicated the lowest values of mass loss (P34, P50). These results are
closely correlated with the gas barrier properties of the papers used,
especially the water vapor transmission rate (WVTR).
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Moisture content during storage

Table 9.3. Variation of moisture content of packaged and unpackaged radishes
during storage

Sample Moisture content, [%] / Storage period
code 7 days 14 days
C 88.33+0.779' 85.93+0.6392
PO 90.52+0.891 87.72+0.82f2
P1 91.43+0.94°F 89.97+0.78¢E2
P27 92.77+1.0481 91.30+0.94¢C2
P28 92.45+0.86°C" 90.88+0.80¢P?
P40 91.93+0.749%1 91.86+0.83081
P34 92.72+0.69%81 91.96+0.98082
P50 94.03+0.84°A1 92.25+0.76242

*Values are presented as mean + standard deviation. The influence of storage mode (unpackaged/packaged) was
highlighted in lowercase letters on the column. The influence of the treatment on the surface of the wrapping papers was
highlighted in uppercase letters on the column. The influence of the storage period was highlighted with figures per line.
Values that do not share a lowercase or uppercase letter per column/digit per line are significantly different (p<0.05) based
on Tukey's method and 95% confidence level

From the analysis of the data presented in table 9.3. it can be observed
that during storage there is a decrease in the humidity of the radishes, this
decrease being higher in the case of unpackaged radishes compared to
those packaged in paper, the results being correlated with those of weight
loss and being due to natural dehydration. The papers coated with mixtures
of xylan and chitosan had a protective effect by keeping the resulting water
vapor inside the package thus ensuring the maintenance of the quality of the
radishes by maintaining the moisture content at values close to the original
ones. The good results obtained in maintaining the humidity of the radishes
packed in these papers can also be correlated with their more hydrophobic
character, confirmed by the determined values of the water contact angle.
The best results were obtained by packaging the radishes in the P50 paper
sample.

pH and total acidity

Table 9.4. Variation of pH and total acidity of packaged and unpackaged radishes
during storage

Sample pH, [units] Total acidity, [ acidty degree]
code Storage period

7 days 14 days 7 days 14 days
C 6.00 + 0.1022 6.53 + 0.302" 0.89 +0.03°" 0.79 + 0.04%
PO 5.50 + 0.06°82 6.00 + 0.50%41 0.99 + 0.04082 0.89 + 0.02°¢2
P1 5.53 + 0.12°A2 5.83 + 0.29¢82 0.99 + 0.02°81 0.89 + 0.02°¢
P27 5.53 + 0.10°2 5.67 +0.299¢2 1.09 + 0.053A1 1.09 + 0.023A1
P28 5.53 + 0.10°2 5.67 +0.299¢2 1.09 + 0.04%A1 1.09 + 0.05%A1
P40 5.50 + 0.06°82 5.53 +0.10°P2 0.99 + 0.04%81 0.99 + 0.02%81
P34 5.50 + 0.06°82 5.53 +0.10°P2 0.99 + 0.02°81 0.99 + 0.02°81
P50 5.50 + 0.06°3" 5.50 + 0.06" 0.99 + 0.0381 0.99 + 0.02°8!

*Values are presented as mean + standard deviation. The influence of storage mode (unpackaged/packaged) was
highlighted in lowercase letters on the column. The influence of the treatment on the surface of the packaging papers was
highlighted in uppercase letters on the column. The influence of the storage period was highlighted with figures per line.
Values that do not share a lowercase or uppercase letter per column/digit per line are significantly different (p<0.05) based
on Tukey's method and 95% confidence level
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By decreasing the water content during the storage period, due to
dehydration, the concentration of organic acids changes, evidenced by
changes in the pH value and total acidity, which in turn influence some
chemical changes that affect the quality of the radishes, such as the
hydrolysis of sugars. From the analysis of the presented results, it can be
seen that in the case of the unpackaged radishes, directly exposed to the
action of oxygen and microorganisms in the air, slight chemical changes
occurred and in the case of those packed in covered papers, the pH and total
acidity after the storage periods were maintained at values similar to the initial
ones indicating the maintenance of their quality.

Sensory analysis

. . External appearance

‘Aspect in section (a)

Firmness

G External appearance

. oP0 General acceptability Color

i

» Aspect in section

o P27 Aftertaste

Firmness

—PP40 Flavor
4

Odor

P50 Chewing behavior
Taste
Figure 9.2. Comparative diagram of specific sensory attributes of radishes
stored at 4°C: (a) for 7 days, (b) for 14 days

Radishes packed in paper stored for 7 days at a temperature of 4°C (figure
9.2.a) maintained at a very high level of appreciation their appearance, color,
odour, taste, aroma, presented a firm consistency, without the appearance of
cracks of the surface, with no traces of fungal growth or presence of liquid in
the tray to indicate the beginning of degradation under the action of oxygen
and micro-organisms in the air.

The radishes packed in P50 coated paper were the most appreciated by
the tasters and the unpackaged ones (C) the least appreciated.
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After 14 days of storage at a temperature of 4°C (figure 9.2.b.) the
radishes packed in the papers coated with composite mixtures based on
xylan derivatives maintained their appearance, color, odour, taste, aroma at a
high level, presented a firm consistency, no surface cracks, no mold, no
traces of liquid but, in the case of unpackaged radishes, there were changes
in all sensory attributes that framed the general level of perception as slightly
unpleasant, indicating the beginning of degradation under the action of
oxygen and airborne microorganisms. And in this case, the P50 variant was
the most appreciated by tasters, followed by P34. Radishes packaged in
uncoated paper (P0) or coated with native xylan (P1) maintained a similar
average level of acceptability as assessed after 7 days of storage.

Microbiological evaluation

Before storage, the initial microbiological load with aerobic mesophilic
bacteria of radishes was 6.38 + 0.080 [log(UFC/g)] and that with yeasts and
molds was 5.71 + 0.081 [log(UFC/g)].

Table 9.5. Number of microorganisms per gram of radish sample growth during
storage at 4°C

Sample Aerobic mesophilic bacteria, Yeasts and molds,
code [log(UFC/g)] [log(UFC/g)]
Storage period
7 days 14 days 7 days 14 days
C 6.83 £ 0.061%2 7.35 £ 0.080%" 7.02 + 0.08822 7.74 £ 0.075*
PO 5.78 £ 0.143%! 5.71 + 0.089¢°62 5.74 + 0.0643/1 5.65 + 0.0463A1
P1 6.11 £ 0.0830A1 5.53 + 0.041¢P2 5.54 + 0.133b81 5.27 + 0.253v82
P27 5.88 + 0.018¢°B1 5.86 + 0.036°* 5.44 +0.214c¢ 5.19 + 0.038P82
P28 6.11 £ 0,066 5.71 + 0.028¢°B2 5.17 + 0.029¢F" 5.04 + 0.024¢°82
P40 5.81 + 0,0434C 5.76 + 0.059°61 4.77 £ 0.048™1 4.84 +0.1169%1
P34 5.91 £ 0,013 5.65 + 0.085" 5.32 £ 0.297901 5.29 + 0.083%!
P50 5.89 + 0,019°61 5.51 £ 0.111¢01 4.79 + 0.0661 4.36 £0.161°P2

*Values are presented as mean + standard deviation. The influence of storage mode (unpackaged/packaged) was
highlighted in lowercase letters on the column. The influence of the treatment on the surface of the packaging papers was
highlighted in uppercase letters on the column. The influence of the storage period was highlighted with figures per line.
Values that do not share a lowercase or uppercase letter per column/digit per line are significantly different (p<0.05) based
on Tukey's method and 95% confidence level

From the analysis of the results obtained after counting the
microorganisms growth during the storage period, it can be seen that their
number increased in the case of unpackaged radishes, while in the case of
radishes packaged in papers it decreased compared to the initial value. Thus,
in the case of unpackaged radishes, the number of aerobic mesophilic
bacteria increased by 7% after 7 days of storage and by 15% after 14 days of
storage at 4°C. In the case of radishes packed in paper, their number
registered a decrease after both storage periods. The best results were
achieved by the P50 coded paper, the decrease in bacteria being due to its
proven antibacterial properties.
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9.3. Testing the protective capacity of dairy food products

Among the dairy food products, for this experimental study, a commercial
variety of spreadable table butter, obtained from cow's milk, with a fat content
of 65% of which saturated fatty acids 36% was selected. In its currently
marketed form, it is packed in grease-resistant paper with a weight of 70 g/m?,
laminated on the inside with a protective layer of polyethylene with a weight of
15 g/m2.

Weight loss during storage

Table 9.6. Variation in weight loss of packaged butter during storage

Sample Weight loss, [%] / Storage period
code 7 days 14 days
9 1.47+0.12%2 1.79+0.15°
PO 1.66+0.18242 2.53+0.242A1
P1 1.45+0.20°82 2.23+0.22¢¢1
P27 1.48+0.21082 2.23+0.31¢C1
P28 1.13+0.2392 1.94+0.15%1
P40 1.18+0.19902 2.36+0.14%81
P34 1.30+0.15¢C2 2.22+0.26°C"
P50 1.29+0.18°¢2 2.06+0.231

*Values are presented as mean + standard deviation. The influence of packaging (commercial/tested) was highlighted in
lowercase letters in the column. The influence of the treatment on the surface of the packaging papers was highlighted in
uppercase letters on the column. The influence of the storage period was highlighted with figures per line. Values that do not
share a lowercase or uppercase letter per column/digit per line are significantly different (p<0.05) based on Tukey's method
and 95% confidence level

Weight loss during storage is due to the evaporation of water but also the
diffusion of water or fats contained in the package and is closely correlated
with the moisture content of the butter. Under the analyzed conditions, the
weight losses recorded low values, both for the butter samples packed in the
commercial packaging and for those packed in the selected papers.

The lowest weight loss values were recorded for the coded paper sample
P28. These results are correlated with the very good gas, water, oil and
grease barrier properties of the P28 paper sample.

Moisture content during storage

Table 9.7. The variation of the moisture content of the packaged butter during the
storage period

Sample Moisture content, [%] / Storage period
code 7 days 14 days
C 35.05+0.272" 34.89+0.33%"
PO 33.50+0.39¢8" 32.74+0.22°82
P1 33.45+0.24¢81 33.04+0.18042
P27 32.19+0.16¢P1 31.83+0.209P2
P28 33.15+0.334¢2 33.07+0.250A1
P40 33.70+0.14°A1 31.78+0.24¢P1
P34 33.45+0.19°81 32.36+0.274¢2
P50 32.97+0.3491 32.79+0.16°8!

*Values are presented as mean * standard deviation. The influence of packaging (commercial/tested) was highlighted in
lowercase letters in the column. The influence of the treatment on the surface of the packaging papers was highlighted in
uppercase letters on the column. The influence of the storage period was highlighted with figures per line. Values that do not
share a lowercase or uppercase letter per column/digit per line are significantly different (p<0.05) based on Tukey's method
and 95% confidence level

68



Mirela ROMAN (IANA-ROMAN)
Research on obtaining biopolymeric mixtures based on hemicellulose intended for
biodegradable packaging for food products

The average value of the initial moisture content of the butter packed in
the commercial package was 35.37+0.27%. The moisture content of butter
packaged in commercial packaging remained at the same level throughout
the storage period, while the moisture content of butter packaged in selected
papers decreased by 6-7% after 7 days of storage and 7-10% after 14 days
of storage, respectively. Butter packed in paper samples coded P28 and P50
maintained its moisture at the same level during the storage period, with
similar values after 7 days and 14 days.

Sensory analysis
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Figure 9.6. Comparative diagram of specific sensory attributes of packaged
butter after storage at 4°C: (a) for 7 days, (b) for 14 days

Sensory analysis of butter packed in commercial packaging and in
selected papers indicated the maintenance of sensory attributes at a very
high level when stored in the original packaging for both storage periods.
Among the papers selected for testing, the tasters appreciated the butter
samples packed in the coded papers P28, P34 and P50 at a high level, at an
average level the butter samples packed in the coded papers P27 and P40
and at an acceptable level those packed in P1 and PO, the the most
appreciated packaging option for both storage periods was the P50 coded
paper sample.
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Microbiological evaluation

Before storage, the initial microbiological load with aerobic mesophilic
bacteria of the butter was 5.02 + 0.021 [log(UFC/g)] and that with yeasts and
molds was 4.65 + 0.120 [log(UFC/g)].

Table 9.8. Number of microorganisms per gram of butter sample developed during
storage at 4°C

Sample Aerobic mesophilic bacteria, Yeasts and molds,
code [log(UFC/g)] [log(UFC/g)]
Storage period
7 days 14 days 7 days 14 days

C 5.07 £ 0.0212 5.20 £0.113 4.98 +0.0412" 5.37 + 0.0922"

PO 4.29 +0.157°A 4.02 +0.025 3.16 + 0.141%2 4.37 £ 0.074%A1

P1 4.09 £ 0.04281 3.42 +0.0249¢ 3.29 £ 0.111¢P2 3.38 £ 0.026%"
P27 3.21 £ 0.104%1 3.17 £ 0.0119F 4.01 £ 0.0510A1 3.73 £ 0.1224¢2
P28 3.32 +£0.093¢0" 3.21£0.017% 3.49 £ 0.0969" 3.53+0.131¢D!
P40 3.05 + 0.025972 3.29 + 0.035°P 4.05 £ 0.077042 4.27 +0.059¢°81
P34 3.41 £ 0.0429¢1 3.34 £0.013P 3.12 £ 0.014%2 3.06 £ 0.0779%2
P50 3.91 + 0.073°B" 3.64 +0.0138 3.68 + 0.133¢°B1 3.53 + 0.126¢°P2
*Values are presented as mean * standard deviation. The infl: of p ing (col ié d) was highlighted in

lowercase letters in the column. The influence of the treatment on the surface of the packaging papers was highlighted in
uppercase letters on the column. The influence of the storage period was highlighted with figures per line. Values that do not
share a lowercase or uppercase letter per column/digit per line are significantly different (p<0.05) based on Tukey's method
and 95% confidence level

For the butter samples packed in the tested papers, a decrease in the
number of bacteria is observed by 10% when using uncoated paper (general
purpose packaging paper) and by 20% when using paper coated with native
xylan. For the papers coated with composite mixtures based on xylan
derivatives, the decrease was 25-40%, the lowest value being obtained in the
case of the coded paper P40 which has in its composition acetylated xylan
and 20% ZnO. After 14 days, the number of bacteria growth in the butter
samples packed in coated papers was lower than that of the samples packed
in commercial packaging. Regarding the growth of yeasts and molds, a
similar evolution can be observed in the number of colonies developed, an
increase in the case of packaging in commercial packaging and a decrease of
13-23% in the case of packaging in papers coated with xylan-based mixtures
after the first 7 days. After 14 days of storage, the number of yeasts and
molds increased slightly, but was below the number of those growth in the
case of using commercial packaging. The lowest growth rate of yeasts and
molds was observed in the case of butter packaging in the coded paper
sample P34 which demonstrated good antifungal capacity.

9.4. Testing the protective capacity of food products with a high oil
and fat content

Among the fatty foods, for this experimental study, a commercial variety of
preparation frequently used as a basic seasoning for dishes, obtained from
chicken-flavored dehydrated vegetable concentrate, having a fat content
indicated by the manufacturer of 23 %, of which 16% saturated fat. It is
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currently sold in the form of small cubes, weighing approx. 10 g, individually
packed in a coated material based on polyethylene metallized with aluminum,
weighing 35 g/m?.

Weight loss during storage

Table 9.9. Variation in weight loss of packaged chicken flavored vegetable
concentrate during storage

Sample Weight loss, [%] / Storage period

code 7 days 14 days
Cc 0.02+0.002"2 0.04+0.0039"
PO 1.25+0.032342 1.34+0.0213”1
P1 0.99+0.014°82 1.09+0.014081
P27 0.74+0.021¢82 0.79+0.030%!
P28 0.68+0.017 0.71+0.024¢1
P40 0.93+0.035¢°¢2 1.09+0.028081
P34 0.87+0.0269P1 0.89:+0.022°C1
P50 0.59+0.0149¢2 0. 65+0 0201
*Values are presented as mean + standard deviation. The infl of p. i d) was highlighted in

lowercase letters in the column. The influence of the treatment on the surface of the packagmd papers was highlighted in
uppercase letters on the column. The influence of the storage period was highlighted with figures per line. Values that do not
share a lowercase or uppercase letter per column/digit per line are significantly different (p<0.05) based on Tukey's method
and 95% confidence level

Moisture content during storage

Table 9.10. Variation of moisture content of packaged chicken flavored vegetable
concentrate during storage

Sample Moisture content, [%] / Storage period
code 7 days 14 days
C 3.47+0.062" 3.45+0.032
PO 2.19+0.06% 2.15+0.03°0"
P1 2.47+0.06°02 2.79+0.03¢¢!
P27 3.15+0.06°61 3.03+0.03¢°8"
P28 3.22+0.06°" 3.15+0.03¢"
P40 2.86+0.069" 2.79+0.03%
P34 3.19+0.06°81 3.05+0.03¢°81
P50 3.28+0.06°A1 3.26+0.03°*1

*Values are presented as mean * standard deviation. The influence of packaging (commercial/tested) was highlighted in
lowercase letters in the column. The influence of the treatment on the surface of the packaging papers was highlighted in
uppercase letters on the column. The influence of the storage period was highlighted with figures per line. Values that do not
share a lowercase or uppercase letter per column/digit per line are significantly different (p<0.05) based on Tukey's method
and 95% confidence level

Dehydrated chicken flavored vegetable concentrate is a dense, compact,
low moisture product. The average value of the initial moisture content of the
chicken flavored vegetable concentrate packed in the commercial package
was 3.50+0.01%. Weight loss during storage may be due to water
evaporation but, under the conditions of storage at 4 ‘C and a low water
content at the time of packaging, the determined values were very small in
the case of packaging in the papers selected for testing and negligible in the
case of packaging in original packaging. Cubes of vegetable concentrate
packed in the coded paper sample P50 maintained their moisture at values
close to the initial ones, they also showed the lowest mass loss.
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Sensory analysis
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Figure 9.9. Comparative diagram of the specific sensory attributes of chicken-
flavored dehydrated vegetable concentrate after storage at 4°C: (a) for 7 days, (b)
for 14 days

Sensory analysis of chicken flavored vegetable concentrate packed in
commercial packaging and selected papers indicated maintenance of sensory
attributes at a very high level when stored in original packaging for both
storage periods. The most appreciated packaging variants for both storage
periods were those corresponding to the coded paper samples P34 and P50.

Microbiological evaluation

Before storage the initial microbiological load of aerobic mesophilic
bacteria of chicken-flavored dehydrated vegetable concentrate was 3.43 +
0.160 [log(UFC/g)]. Yeasts and molds did not develop on these food products.
By packaging the chicken-flavored vegetable concentrate cubes in the
selected papers, the growth of mesophilic aerobic bacterial cultures was
reduced compared to those packaged in commercial packaging. These
results can be correlated with the antibacterial activity of the paper samples
and the lower moisture content of the paper-packaged cubes, bacterial
growth being favored by increased humidity.
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The best results, maintained at the same level after both storage periods,
were obtained using the coded paper sample P50. Regarding the
development of yeasts and molds, their total absence is noted in all
evaluation stages and for all packaging solutions tested. This could be due to
low moisture, high salt content and the presence of food additives in the
composition of the chicken flavored vegetable concentrate.

Table 9.11. Number of microorganisms per gram sample of chicken-flavored
vegetable concentrate developed during storage at 4°C

Sample Aerobic mesophilic bacteria, Yeasts and molds,
code [log(UFC/g)] [log(UFC/g)]
Storage period
7 days 14 days 7 days 14 days

C 3.50 + 0.23022 3.80 + 0.1802" 0.00 0.00

PO 2.94 + 0.02981 2.97 + 0.009°A1 0.00 0.00

P1 3.01 £ 0.025% 2.78 £ 0.072°82 0.00 0.00
P27 2.93 £ 0.028¢81 2.83 + 0.038°82 0.00 0.00
P28 2.91 £ 0.088°81 2.61 £ 0.0334¢2 0.00 0.00
P40 2.53+0.1511%2 2.75 + 0.037¢8! 0.00 0.00
P34 2.81 +0.039" 2.77 £0.039°8! 0.00 0.00
P50 2.63 £0.111¢01 2.58 +0.062701 0.00 0.00

*Values are presented as mean + standard deviation. The influence of packaging (commercial/tested) was highlighted in
lowercase letters in the column. The influence of the treatment on the surface of the packaging papers was highlighted in
uppercase letters on the column. The influence of the storage period was highlighted with figures per line. Values that do not
share a lowercase or uppercase letter per column/digit per line are significantly different (p<0.05) based on Tukey's method
and 95% confidence level

9.5. Partial conclusions

The results obtained during this stage of the experimental program allowed
the elaboration of the following partial conclusions:

selection of the composition of the optimal coating formula for the food
packaging paper, which ensures the maintenance of the quality and safety
of the packaged food, depends both on the characteristics of the food and
on the characteristics of the packaging paper used (barrier properties,
antimicrobials; the best results were obtained by using the P50 coded
paper sample;

radishes, products with high water content, maintained their qualitative
characteristics at a high level in packaged form, during storage at low
temperature up to 14 days, compared to those stored unpackaged;

butter and chicken-flavored dehydrated vegetable concentrate, food
products with a high oil and fat content, packed in papers coated with
xylan-based biopolymer mixtures did not undergo substantial changes in
the quality parameters analyzed compared to the commercial packaging
variant used at present;

papers covered with composite mixtures based on xylan hemicellulose
have a high potential for use in the packaging of various categories of
agro-food products, to replace some packaging containing plastic and
metal materials currently used.
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CHAPTER 10. FINAL CONCLUSIONS

The transition to a circular economy is associated with an international
challenge that includes all fields of activity. The food industry is certainly one
of the most important industries in the conditions of the continuous growth of
the global population so that, by its scale and by the large amount of
packaging required, it manifests a significant influence in the process of
evaluating the impact on the environment. Closely related to the food industry,
the packaging industry has among its important objectives, along with
maintaining the quality and safety of food, the identification of new materials
for the packaging of food products, to be obtained from accessible raw
materials, from renewable sources, that can replace materials synthetic raw
materials such as the currently used synthetic polymers. In addition, new
packaging materials must be recyclable and biodegradable, while ensuring
human health and environmental protection. Biopolymers obtained from
renewable sources stand out as important options for the food packaging
industry, their characteristics complying with the conditions imposed on
sustainable packaging.

In this context, the valorization of some industrial by-products and
agricultural residues, with a high content of polysaccharides, was aimed at by
using them in obtaining edible films or coating layers of food packaging
papers. Therefore, the studies presented in the doctoral thesis, entitled
"Research on obtaining biopolymer mixtures based on hemicellulose
intended for biodegradable packaging for food products” aimed to
evaluate the potential use of xylan hemicelluloses to obtain food packaging
that ensures: maintaining the quality of packaged food, increasing the shelf-
life in food safety conditions, people's health and protecting the environment

All the established objectives were achieved, the results obtained being
presented in chapters 4, 5, 6, 7, 8 and 9 of the thesis and summarized
through the part of partial conclusions at the end of each chapter, as well as
in the general conclusions formulated in this chapter, as follows:

» Among the biopolymers abundantly available in nature, hemicelluloses
(under-utilized polysaccharides or under-used in the food packaging
industry) were selected for study. Two types of xylan hemicelluloses,
obtained from renewable plant sources as beech wood and corn cobs
were tested and characterized; the obtained results confirmed that the
structural diversity, complexity, physico-chemical properties of xylan
hemicelluloses are directly influenced by the vegetable source of obtaining.
Thus, only xylan from beech wood proved film-forming capacity from
aqueous solutions, at all concentrations analyzed and the results of the
evaluation of xylan films from beech wood indicating that their properties
are directly influenced by the concentration of the film-forming solutions
used.

» The results of testing xylan hemicellulose used as edible films for fresh
radishes as well as coating layers for packaging papers indicated an
optimal concentration of 2.5% xylan used in the form of an aqueous
dispersion; the results of testing the mechanical resistance and barrier
properties of the coated papers with xylan hemicellulose in native state
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confirmed their improvement compared to those of the base paper
(uncoated), but the high sensitivity to moisture, due to the hydrophilic
nature of the hemicelluloses, limits the use of xylan in its native state to
obtain packaging for food products.

» To reduce the hydrophilic nature of native xylan, two chemical modification
methods based on esterification reactions were selected and tested: the
acetylation reaction with alkyl ketene dimers (AKD) and the acetylation
reaction with acetic anhydride, with obtaining of two chemical derivatives
of xylan from beech wood.The structural changes of xylan were confirmed
by different experimental techniques (SEM, FT-IR, 'H-NMR, TGA). The
xylan derivatives obtained were use to obtain coating layers for packaging
papers (diluted aqueous dispersions with concentrations of 2.5% xylan) by
applying as single layer or multilayer to the surface of base paper. The
results of testing the structural and functional properties (mechanical
resistance, water, gas and fat barrier) of the coated papers with the two
types of esterified xylan confirmed that by using chemically modified xylan
in the coating formulas these properties can be improved. The increase in
the degree of hydrophobization of xylan through acetylation reactions was
highlighted by the increase in the water contact angle values for papers
coated with xylan derivatives, compared to those of the base paper or the
one coated with native xylan, the contact angle of these papers, being
close to 90°. The results of testing papers coated with the two xylan
derivatives indicated relatively similar performance in terms of mechanical
strength and water barrier properties, and the use of hydrophobized xylan
with 2.5% AKD proving a better effect on barrier properties gases, oils and
fats. The results of the oil and grease barrier tests confirmed their
significant improvement, the KIT test values being comparable to those of
papers currently used as oil and grease resistant food packaging but
which are coated with synthetic polymers or fluorochemical compounds.

» In order to improve the performance required to obtain food packaging
with appropriate properties, biopolymeric mixtures of native xylan and
xylan derivatives with two other biopolymers (nanocrystalline cellulose and
chitosan) and composite mixtures with chemical compounds with
recognized active properties (ZnO nanoparticles, CuO nanoparticles and
Lophanthus essential oil), with different proportions of the components, in
order to identify the optimal coating formulas to ensure the fulfillment of
the special requirements imposed on food packaging.

» Biopolymeric mixtures with different compositions were used as coating
formulas on the surface of the base paper, applied in a single layer or
double layer, and the coated papers were tested in terms of mechanical
resistance, barrier properties (gas, water, to oils and fats).

» The use of nanocrystalline cellulose in the byopolimeric mixtures
contributed to the improvement of the mechanical strengths in the dry
state and less to the improvement of the barrier properties, while the use
of chitosan contributed to the improvement of both the mechanical
strength and the barrier properties, the better results obtaining for the
acetylated xylan+chitosan mixtures, the values of the contact angles being
greater than 90°, which indicates the obtaining of hydrophobic surfaces.

» The use of additions of 10-20% ZnO and CuO nanoparticles in the
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composite mixtures contributed to the improvement of the mechanical
strength and oil and grease barrier properties. The use of an addition of
10% Lophanthus essential oil in the composite mixtures led to improve the
barrier properties to gases, oils and fats respectively. The application of
composite coatings in a multilayer system (double-layer) led to obtaining
improved barrier properties compared to application in a single layer for
the same weight of the coating layer (4.5-5 g/m?).

» The papers coated with biopolymeric mixtures were tested for the
evaluation of the antimicrobial (antibacterial and antifungal) and
antioxidant capacity, the behavior in food simulants and the total migration
of components and the results compared with the requirements imposed
on packaging that comes into direct contact with food. The obtained
results confirmed that by using xylan-based biopolymeric mixtures as
coating layers the antibacterial capacity of the coated papers improved
significantly compared to the base paper. Coating formulas containing
xylan derivatives, chitosan and high concentrations of ZnO and CuO
nanoparticles (20%) showed the best antibacterial activity against the
Gram-positive bacteria Bacillus subtilis, while Lophanthus essential oil had
an moderate inhibitor effect. Homogeneous coating formulas based on
acetylated xylan and chitosan, applied in a double layer, had a total
inhibition effect against the Gram-positive pathogenic bacteria
Staphylococcus aureus, both after 24 hours and after 48 hours.

» Composite coating formulas based on mixtures of native xylan/derivatives,
chitosan and ZnO (20%) had strong antibacterial effect against Gram-
negative pathogenic bacteria Salmonella sp. and Escherichia coli in the
first 24 hours, the antibacterial effect reducingafter 72 hours, but by
applying the double-layer coating formulas (acetylated xylan in the bottom
layer and chitosan in the top-layer) total inhibition was obtained after 24
hours, an effect which it was also maintained after 72 hours. The coating
formulas based on mixtures of xylan and chitosan derivatives showed high
antifungal effect against the molds Aspergillus niger and Penicillium sp.,
effect maintained for 14-21 days. The use of nanocrystalline cellulose in
the coating formulas had a weak antifungal effect, which was maintained
only during the first 3 days. The compounds with active properties had no
inhibitory effect against the mold Aspergillus niger but the essential oil of
Lophanthus had the best inhibitory effect against the mold Penicillium sp.,
an effect maintained up to 21 days. The use of ZnO and CuO
nanoparticles had a moderate antifungal effect, an effect maintained only
during the first 3 days.

» The results of testing the antioxidant capacity of the coated papers
indicated the achievement of a high degree of DPPH free radical
scavenging by using Lophanthus essential oil (10%) in the coating
formulas, followed by CuO (20%) and ZnO (20%), respectively, confirming
that the antioxidant activity of coating formulas is directly influenced by the
chemical nature and concentration of the active substance used.

» The results of tests evaluating the behavior of biopolymeric films in food
simulants confirmed the improvement of resistance to the action of water
or dilute aqueous solutions for xylan derivatives and for their mixtures with

76



Mirela ROMAN (IANA-ROMAN)
Research on obtaining biopolymeric mixtures based on hemicellulose intended for

biodegradable packaging for food products

chitosan, the presence of nanocrystalline cellulose in the mixtures having
a negative effect when tested in food simulants A and B (with high water
content) due to its strong hydrophilic character. Films obtained from
mixtures of xylan/chitosan derivatives showed much lower solubility in all
simulants. The obtained results show that all the tested films are the least
soluble in simulant D2, which indicates their potential for use in obtaining
packaging for foods with a high oil and fat content.

» The results of testing the global migration of components in isooctane from
papers coated with composite biopolymer mixtures indicated values far
below the limit value of the global migration of components (10 mg/dm?)
imposed by EU Regulation no. 10/2011, the results being in correlation
with the results the evaluation of the compartment of the biopolymeric
films tested in the food simulant D2 and reconfirmed their potential for use
in obtaining packaging that comes into contact with fatty foods, under food
safety conditions.

» The results of tests carried out to evaluate the biodegradability in soil of
papers coated with biopolymeric mixtures confirmed a high level of their
biodegradability. After 28 and 42 days of degradation in soil all paper
samples coated with xylan, xylan derivatives, chitosan, nanocrystalline
cellulose and their mixtures demonstrated a high biodegradation capacity
(70-80% mass loss and 14-16 mg CO2). The use of chitosan in
combination with acetylated xylan in the the coating layers had the effect
of reducing the crystallinity of the thin layers and facilitated the
biodegradation process after the first days of burial in the soil.The best
results were obtained for the paper sample coated with two successive
heterogeneous layers in whose composition along with chitosan and ZnO
(75-92% mass loss and 16-19 mg CO: released), falling within the
European standard that establishes that at least 90% of the original
material must be converted by biological processes into CO., water and
minerals within 6 months. The positive influence of the composition of the
coating layers of the buried paper samples was confirmed by the increase
in the number of microorganisms present in the soil after their
biodegradation. The presence in high numbers of Aspergillus fumigatus
fungi, together with other species of microorganisms, supports the
biodegradability of xylan hemicellulose coatings used to obtain food
packaging and highlights the advantages of using packaging materials
obtained from renewable resources that, at the end of the cycle life, can
be recycled or biodegraded without leaving contaminants or toxic residues
in the environment.

» The results of the food-contact test obtained following the evaluation of the
physico-chemical, sensory and microbiological changes of the packaged
food after storage for 14 days in controlled conditions, confirmed the
potential of their use as food packaging, respecting the conditions
maintaining the quality and safety of packaged food. Also, the results
obtained for the packaging of different food categories (high water content
or high oil and fat content) were in close correlation with the results of
testing the specific barrier properties, antioxidant activity, behavior in food
simulants of the papers used highlighting the importance choosing the
optimal packaging material according to the characteristics of the food in
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order to ensure its quality and safety.

» The packaging papers coated with composite mixtures based on xylan
hemicellulose have proven a high potential for use as sustainable
materials for the packaging of various categories of agro-food products, by
replacing the currently used packaging that has a composition of plastic
and/or metal materials, very hardly biodegradable or that cannot be
biodegradable, leaving behind toxic contaminants for human health and
the environment.

CHAPTER 11. Original contributions and perspectives for
further studies

The doctoral thesis, entitted "Research on obtaining biopolymeric
mixtures based on hemicellulose intended for biodegradable packaging
for food products” is an original research, aimed at obtaining and testing
new food packaging, with appropriate properties to maintain the quality and
safety of food without affect people's health and the environment, starting
from the use of raw materials obtained from renewable plant resources.
The PhD thesis makes original contributions to the development of new
applications of hemicelluloses, which represent a source of biopolymers
insufficiently used in industry, by developing for the first time a complex and
detailed study that evaluates their potential to obtain packaging for food
products and aims to:

v selection and characterization of xylan-type hemicelluloses obtained from
different plant sources to evaluate the potential for use in obtaining food
packaging;

v’ obtaining xylan derivatives in the laboratory through two types of
esterification reactions;

v’ the use of xylan-type hemicelluloses in native form and its derivatives to
obtain food packaging in the form of edible films or coating layers for food
packaging papers (homogeneous and composite) ;

v’ the use of alkyl ketene dimers (AKD), additives frequently used in paper
industry, to hydrophobize native xylan through esterification reactions;

v design and testing for the first time of mixtures of native xylan and xylan
derivatives with nanocrystalline cellulose, chitosan, nanoparticles of ZnO
and CuO, Lophanthus essential oil as coating layers for food packaging
papers and testing their functional properties from the perspective of food
packaging;

v' evaluation of the compliance of papers coated with biopolymeric mixtures
based on xylan hemicellulose with the requirements for food packaging
through in vitro testing (using food simulants) and in situ testing (direct
contact with different types of food);

v the use of water as dispersion medium to obtain biopolymeric mixtures
used as coating layers represents an easy, economical and ecological
technical solution to obtain coated papers, with a minimal impact on
human health and the environment;

v’ testing the biodegradability of coated papers with biopolymeric mixtures
based on xylan hemicellulose and the impact on the environment.
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The presented results can constitute a solid basis for the continuation of
research studies to obtain new, ecological packaging materials by replacing
synthetic polymers with biopolymers obtained from renewable resources.
In terms of the prospects for further research studies on the potential use
of xylan hemicellulose to obtain food packaging, the following are
foreseen:

v' use of microencapsulation of compounds with antioxidant properties in the
hemicellulosic matrix in order to ensure a long-lasting antioxidant effect to
protect easily oxidizable foods;

v’ the use of ecological methods (acetylation with ionic liquids, enzymatic
treatments) for the chemical modification of xylan in order to improve the
hydrophobic character;

v expanding research to obtain paper packaging with adequate barrier
properties at high temperatures.

CHAPTER 12. Valorisation of results

The dissemination of the results of the researches carried out throughout
the doctoral studies took place in the publication of scientific papers and oral
or poster communications at national and international conferences, awards
obtained, presented as follows:

during doctoral studies: (cumulative Fl = 24,137)

Articles published in ISl indexed specialist journals (WoS) from the
doctoral thesis (cumulative Fl = 19,137)

1. Nechita, P.; Roman, M. Review on Polysaccharides Used in Coatings for
Food Packaging Papers. Coatings 2020,10,566. (Q2)/ FI=2,330,
WOS:000551727900001, DOI: 10.3390/COATINGS10060566,
https://www.mdpi.com/2079-6412/10/6/566, (co-author)

2. Nechita, P.; Roman. M.; Ciolacu, F. Xylan Hemicellulose: A Renewable
Material with Potential Properties for Food Packaging Applications.
Sustainability 2021,13,13504. (Q2) / FI=3,251, WOS:000737474700001,
DOI: 10.3390/SU132413504, https://www.mdpi.com/2071-1050/13/24/13504,
(co-author)

3. Nechita, P.; Roman, M.*; Cantaragiu Ceoromila, A.; Dediu Botezatu, A.V.
Improving BarrierProperties of Xylan-Coated Food Packaging Papers with
Alkyl Ketene Dimer. Sustainability 2022,14,16255. (Q2)/FI=3,889,
WOS:000897124800001,

DOI:10.3390/SU142316255, https://www.mdpi.com/2071-1050/14/23/16255,
(corresponding author)

4. Nechita, P.; Roman, M.*; Nastac, S.M. Green Approaches on Modification
of Xylan Hemicellulose to Enhance the Functional Properties for Food
Packaging Materials-A Review. Polymers 2023,15,2088.-/FI=4,967,
WOS:000987643000001, DOI: 10.3390/POLYM 15092088,
https://www.mdpi.com/2073-4360/15/9/2088, (corresponding author)
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