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FOREWORD BY THE EDITOR 

Dear Readers, 

When we organized the conference for the first time, we were very aware that 

climate change and linear business models are damaging the environment. 

Since then, the still-running current pandemic has changed our world even 

more. Climate change went even worse, and humanity put the quest for 

circularity/sustainability a little bit aside, but the two crises, the enviromental 

and the health, must be addressed continuously. It also changed the way we 

work, communicate, travel and also how are we attending conferences. That is 

why this conference is organized in hybrid form with online and onsite (this year 

in Slovenj Gradec) interaction between speakers and audience. The format of 

the next conference, due to the uncertainty of constant changes, is a question 

to be answered. 

Nevertheless, I am proud that we have grown from the first time and increased 

the number of submitted articles and authors presented in this Proceedings. 

The topics of new and bio-based materials, sustainable and circular business 

models, EOL solutions to sustainable printing and converting operations are the 

main focal point of many pieces of research. I hope it helps people from the 

industry make that leap (which is not easy!) from the linear to circular business 

and material flows. 

No man is an island is a quote that is ideal for these challenging times. The idea 

that human beings do badly when isolated from others and need to be part of 

a community to thrive is essential for solving all challenges and organizing a 

conference in these uncertain times. I want to thank all the authors, sponsors, 

companies, reviewers and the organizing team which worked hard to prepared 

the conference and the proceedings.  

Together we can overcome hardships and make this world more sustainable. 

So let us close the circle together! 

 

In Ljubljana/Slovenj Gradec, 9th of September 2021              PhD Igor Karlovits 
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POLYETHYLENE AS A FOOD CONTACT MATERIAL 
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Abstract: In recent years, biocomposites have gained increasing attention in 

both industry and academia as a promising sustainable alternative to 

conventional composites. While the application range of biocomposites is 

continuously increasing, they are still very little used as food contact materials. 

The aim of the present study was to investigate the suitability of viscose fibres 

as reinforcement in thermoplastic biocomposites intended for food contact 

applications. Viscose fibres were compounded into biobased high-density 

polyethylene (HDPE) using a co-rotating twin-screw extruder and test 

specimens were injection moulded. Biocomposites were prepared using 

untreated and pelletized viscose fibres and the effect of the addition of 

compatibilizer and lubricant was investigated. Morphological, mechanical, 

rheological and migration properties of the prepared samples were 

characterised. Untreated fibres exhibited a significantly higher reinforcing 

effect than pelletized fibres due to better dispersion. The addition of a 

compatibilizer resulted in enhanced interfacial adhesion and fibre dispersion, 

which was reflected in increased tensile strength. The overall migration of all 

studied compositions was well below the permitted level, while the addition of 

a compatibilizer resulted in a strong acidic flavour in sensory tests, which is not 

permissible in food contact applications. The results showed that viscose fibres 

are a promising candidate for the preparation of thermoplastic biocomposites 

for food contact applications. 

Keywords: biocomposites, viscose fibres, high-density polyethylene, food 

contact materials, overall migrations 
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1 INTRODUCTION 

Polymeric materials are often used in food contact applications, where low 
migrations to food is an essential requirement. European Commission 
regulation (EC) 10/2011 specifies the requirements for plastic products 
intended for food contact, such as a list of authorized monomers and additives 
and migration limits (European Commission, 2011). In recent years, 
biocomposites, such as natural fibre (NF) or man-made cellulose fibre (MMCF) 
reinforced polymers, gained increased attention as a promising sustainable 
alternative to conventional composites (Gurunathan, Mohanty and Nayak, 
2015; Pickering, Efendy and Le, 2016a). However, their application as food 
contact materials is rarely explored in the scientific literature (Berthet et al., 
2016). NF or MMCF possess many attractive properties, such as high specific 
strength and modulus, high abundance, renewability, and biodegradability 
(Gurunathan, Mohanty and Nayak, 2015). MMCF, such as viscose fibres, offers 
additional benefits as they are produced under controlled conditions, resulting 
in uniform and homogeneous structures and high chemical purity, which may 
be especially advantageous in the case of food contact applications (Bulota et 
al., 2020). However, the preparation of cellulose fibre (CF) reinforced polymer 
composites presents many challenges, namely, problems with fibre feeding, 
low thermal stability and poor interactions with the polymer matrix. CF are 
difficult to process using conventional melt mixing equipment due to low bulk 
density that causes problems with the feeding of fibres. Compacting the fibres 
into pellets using pelletizing process has proven to be a suitable technique to 
overcome this challenge, but it also comes with its drawbacks as fibre pellets 
are harder to disperse in a polymer matrix and pelletizing can lead to the 
shortening of fibres. The addition of lubricants to fibres before the pelletizing 
process can decrease the aforementioned negative effects associated with 
fibre pelletizing (Jacobson et al., 2001; Hietala and Oksman, 2018). CF are not 
well thermally stable and can start to degrade during melt blending with 
polymers which leads to the formation of low molecular products (Yang and 
Kokot, 1996; Feldmann, 2016). In the case of food contact applications, these 
degradation products may unwantedly migrate into foods (European 
Commission, 2011; Berthet et al., 2016). As CF are hydrophilic in nature, they 
exhibit poor interactions with hydrophobic polymers, which leads to poor 
mechanical properties of the composites. Usually, compatibilizers are added to 
CF composites to improve the interaction between the interfaces, resulting in 
higher mechanical performance (Gurunathan, Mohanty and Nayak, 2015; 
Pickering, Efendy and Le, 2016b).  
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Having outlined challenges in mind, the present study aimed to evaluate the 
suitability of viscose fibres as a reinforcing agent for HDPE intended for food 
contact applications. Composites were prepared by extrusion directly from 
fibres and from fibre pellets to evaluate how pelletizing process influences the 
mechanical and migration properties of the composites. The effect of the 
addition of lubricant before the pelletizing process and the addition of 
compatibilizer was also studied.  

2 MATERIAL AND METHODS 

2. 1 Materials 

Biobased HDPE (SHA 7260) was a product of Braskem (Brazil). Viscose fibres 
(Danufil Viscose Type KS GL) were kindly by Kelheim Fibres (Germany). The 
viscose fibres had a linear density of 1.7 dTex and a cutting length of 5 mm. 
Lubricant (Crodamide ER) was a product of Croda Lubricants and is chemically 
an erucamide. Compatibilizer (HDPE grafted with maleic anhydride (HDPE-g-
MA)) (Graftabond HD-MAH 02030 C) was kindly provided by Graft Polymer 
(Slovenia). According to the manufacturer, HDPE-g-MA had a grafting degree 
of 2.5 % - 3.0 % and MFI of 17 g/10 min to 23 g/10 min (190 °C / 2.16 kg). 

2. 2 Sample preparation 

2. 2. 1 Pelletizing 

The fibres were pelletized on Techno Aspira PTA 50 pelletizer. The pelletizer 
had a 4 kW electric motor and a 6 mm die plate. Prior to pelletizing the fibres 
were conditioned to a moisture content of 20 wt. %. The lubricant was to the 
fibres before the pelletizing by dry mixing. 

2. 2. 2 Compounding 

The viscose fibres were dried prior to processing in a laboratory oven at 105 °C 
to the moisture content below 0.1 wt.%. Composites were prepared on a co-
rotating twin-screw extruder (LabTech LTE 20-44). The extruder had an L:D 
ratio of 44:1 and a screw size of 20 mm. The screw speed was 300 min-1 and 
the barrel temperature was 170 °C. The composition of samples is presented 
in Table 1.  
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Table 1: Composition of samples  

Sample HDPE (%) Fibres (%) Pellets (%) HDPE-g-MA (%) Lubricant (%) 

HDPE 100 / / / / 

CF 80 20 / / / 

CP 80 / 20 / / 

CP-L 79.6 / 20 / 0.4 

CF-C 79 20 / 1 / 

CP-LC 78.6 / 20 1 0.4 

 
2. 2. 3 Injection moulding 

Test specimens (according to ISO 527 1BA and ISO 179) were prepared on an 
injection moulding machine (Krauss Maffei CX 180-50). The injection moulding 
machine had a clamping force of 500 kN and a screw size of 30 mm. The barrel 
temperature was 170 °C, mould temperature was 20 °C, injection speed was 
80 mm/s, packing pressure was 90 MPa for 8 seconds, back pressure was 5.0 
MPa, screw speed was 150 min-1 and cooling time was 8 seconds. 

2. 3 Characterization 

2. 3. 1 Fibre dispersion 

The fibre dispersion was evaluated by optical analysis of compression moulded 
films produced from injection moulded specimens. The tensile test specimen 
was pressed on a Baopin BP-8170-B hydraulic press at 200 °C, first using a 
pressure of 0.3 MPa for 60 seconds, then using a pressure of 3.0 MPa for 20 
seconds. The prepared films were scanned using Konica Minolta Bizhub C250i 
scanner in greyscale mode, using 300 dpi resolution. 

2. 3. 2 Tensile tests 

Tensile properties were determined on a universal testing machine (Shimadzu 
Ag-X plus 10 kN) according to ISO 527 standard. The test speed was set to 1 
mm/s (up to 0.25 % strain) and to 50 mm/s (from 0.25 % strain to break).  

2. 3. 3 Charpy impact tests 

The Charpy impact strength was determined using a pendulum impact tester 
(LIYI LY-XJJD5) according to ISO 179 standard. The samples were tested using a 
4 J hammer.  
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2. 3. 4 Melt flow index 

The melt flow index (MFI) was determined using a melt flow index analyser 
(LIYI LY-RR) according to ISO 1133 standard. The samples were measured at 
190 °C using a 2.16 kg weight. 

2. 3. 5 Migration tests and sensory analysis 

Total overall migrations (TOM) of samples were determined using two 
different liquid food simulants: ethanol 10 % (v/v) (simulant A) and acetic acid 
3 % (m/v) (simulant B). The tensile test specimens of a total surface area of 1 
dm2 were immersed into a beaker containing 100 ml of food simulant. The 
extraction was done in a laboratory oven at 70 °C for two hours. After the 
incubation period, the samples were removed, and the simulants were 
evaporated at 105 °C. The residue was weighed using an analytical balance 
with a precision of 1 mg. The overall migrations were determined according to 
the following equation: 

𝑀 =  
𝑚 × 𝑎2 × 1000

𝑞 × 𝑎1
 

Where M was total overall migration (mg/kg), m was a mass (mg) of extraction 
residual, a2 was a surface area (dm2) of a final product, q was a mass (g) of food 
in contact with the material, a1 was a surface area (dm2) of the tested 
specimens. 

The indicative tests of sensory analysis were performed under conditions 
described in DIN 10955 standard. Samples with a total surface area of 1 dm2 
were boiled in a beaker filled with 100 ml of overboiled drinking water at 100 
°C for 30 minutes. After the incubation period, the samples were removed from 
the beaker, the solution was cooled to room temperature, and the sensory 
analysis of odour and taste of unlabelled samples was performed by two 
testers. The odour and taste were empirically evaluated by scoring the 
intensity according to the scale where value 0 presents no detectable odour or 
flavour and value 4 presents very strong odour and flavour. 

3 RESULTS AND DISCUSSION 

3. 1 Fibre dispersion 

Figure 1 presents images of compression moulded tensile test specimens of 
different samples. The visible white spots were ascribed to viscose fibre 
agglomerates. In general, composites prepared directly from fibres (Figure 1 a, 
d) had large agglomerates distributed across the film, with some parts of the 
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film having larger and thicker agglomerates, visible as bright white spots. Some 
agglomerates were considerably less intense that seemed just as a network of 
entangled fibres. On the other hand, composites prepared from pellets (Figure 
1 b, c, e) had agglomerates in form of small round shaped spots. These spots 
seemed much more compacted as agglomerates prepared directly from fibres. 
When HDPE-g-MA was added to the composite prepared directly from fibres 
the films exhibited considerably fewer agglomerates, especially those visible 
with intense white colour. This effect was ascribed to improved interaction 
between the fibre and the matrix that allowed better distribution of the fibres. 
Composites prepared from pellets with added lubricant had agglomerates that 
were larger in size and more resembling agglomerates of composites prepared 
directly from fibres. Nevertheless, composites still had a high number of small 
agglomerates that were looking the same as those of composites prepared 
directly from pellets.   

   
(a) (b) (c) 

  

(d) (e)  

Figure 1: Scanned films of compression moulded specimens of samples: (a) CF; (b) CP; 

(c) CP-L; (d) CF-C; (e) CP-LC. 

3. 2 Tensile test 

The addition of cellulose pellets into HDPE increased tensile modulus (Et) 
approximately by a factor of 3, while the addition of untreated fibres increased 
Et by a factor of 4 (Figure 2a). Tensile strength (σm) was significantly increased 
by the addition of untreated fibres (+ 40 %), while the addition of pellets only 
slightly increased σm (+ 4 %) (Figure 1b). These differences were ascribed to 
better dispersion of untreated fibres as discussed in chapter 3. 1. Furthermore, 
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pelletizing process could shorten the fibres due to mechanical forces, which 
also reflects in decreased strength of the composites (Hietala and Oksman, 
2018). The addition of lubricant to the pellets resulted in a higher increase of 
σm (+ 11 %), which can be explained by enhanced dispersion or less damage to 
the fibres due to the presence of lubricant (Hietala and Oksman, 2018). The 
addition of HDPE-g-MA to the composites prepared directly from fibres 
resulted in the highest value of σm (+ 73 %), while HDPE-g-MA had only a slight 
effect on σm when added to the composites prepared from lubricated pellets. 
HDPE-g-MA reacts with the hydroxyl group of the cellulose fibre, thus 
decreases the polarity of the fibre surface, which in turn results in better 
wettability of the fibres and stronger interfacial adhesion between the fibre 
and the matrix, leading to increased σm. However, HDPE-g-MA can also react 
with the amine group of the lubricant, thus diminishing its positive effects on 
σm. Strain at break (εb) decreased from 534 % for neat HDPE to the values in 
the range of 6 % - 10 % for composites (Figure 2c). Here, the opposites trends 
were found, where composites with higher value of σm exhibited lower values 
of εb, with the exception of sample CP-LC.   

  
(a) (b) 

 
(c) 

Figure 2: Tensile properties of samples: (a) tensile modulus; (b) tensile strength; (c) 

strain at break. 
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3. 3 Charpy impact strength  

Unnotched Charpy impact strength (acU) of samples is presented in Figure 3. 
Specimens of neat HDPE did not break during the Charpy test. Both composites 
prepared directly from fibres exhibited acU values around 20 kJ/m2, while 
composites prepared from pellets exhibited acU values around 25 kJ/m2. 
Composites prepared directly from fibres exhibited better fibre dispersion and 
thus more fibre ends, that act as a weak point where crack initiation occurs 
which leads to premature failure. 

 

Figure 3: Unnotched Charpy impact strength of samples 

3. 4 Melt flow index 

MFI results of samples are presented in Figure 4. HDPE had an MFI of 17.1 g / 
10 min, while composites exhibited significantly lower MFI, which ranged from 
0.4 g/10 min to 4.1 g/10 min. MFI results correlate well to the mechanical 
properties of the composites, although here the differences between the 
samples are even more evident. Composites prepared from untreated fibres 
(sample CF) exhibited lower MFI values compared to composites prepared 
from pellets (sample CP) by a factor of 4 that was ascribed to better dispersion 
of viscose fibres that results in higher viscosity. The addition of lubricant to the 
pellets resulted in a 2-fold decrease in MFI value, even though low molecular 
weight lubricants, usually promotes the flow behaviour of polymeric materials. 
The addition of HDPE-g-MA to the composites prepared directly from pellets 
decreased MFI by 3-fold, while it slightly increased the MFI of composites 
prepared from pellets.  
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Figure 4: Melt flow index of samples 

3. 5 Migration tests and sensory analysis 

TOM of samples in ethanol and acetic acid are presented in Figure 5a. TOM of 
all samples in both ethanol and acetic acid were up to around 22 mg/kg, which 
is significantly lower than the allowed TOM limit of 60 mg/kg. In general, higher 
TOM values were measured in ethanol, except for sample CP, which also 
exhibited 2- to 3-fold higher TOM in ethanol compared to other samples. 
Higher TOM in ethanol of sample CP may be due to degradation products that 
formed during the unlubricated pelletizing process, as these pellets were 
slightly yellowish in colour. Results of the sensory analysis are presented in 
Figure 5b. According to DIN 10955 standard, the product is suitable for food 
contact use if the solution obtained by boiling of sample exhibits only a weak 
odour and flavour (up to a value of 2). Solution of HDPE exhibited just barely 
detectable flavour and odour. Solutions of composites without HDPE-g-MA 
exhibited no detectable odour, whereas the flavour of these solutions differed. 
Solution of sample CF had no detectable flavour, while both sample CP and CP-
L had a slight flavour that may arise due to degradation products formed during 
pelletizing and/or due to lubricant content. On the other hand, both 
composites with added HDPE-g-MA exhibited noticeable odour and strong 
acidic flavour that was ascribed to the presence of unreacted maleic anhydride. 
Migration tests sensory analysis results indicate that all tested composites 
without HDPE-g-MA may be suitable for food contact applications.  
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(a) (b) 

Figure 5: Results of migration test and sensory analysis: (a) total overall migrations; 

(b) intensity of flavour and odour 

4 CONCLUSIONS 

Results of the present study indicate that viscose fibres are a promising 
biobased and biodegradable reinforcing agent for polymeric materials 
intended for food contact applications. Composites prepared directly from 
viscose fibres offer significantly better mechanical performance than 
composites prepared from pelletized fibres under tested conditions, which 
could be further improved with the addition of a compatibilizer. However, the 
processing of former composites has proven to be challenging. TOM of all 
tested composites was well below the permitted limit, while sensory analysis 
showed that composites with added compatibilizer are not suitable for food 
contact applications. 
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Abstract: Considering the growing problems related to climate change and 

environmental pollution, in this research the impact of the addition of silica 

nanoparticles (SiO2) on the chemical, surface and morphological properties of 

mixtures with different proportions of biodegradable polymers were tested. 

Biodegradable polylactide (PLA) and polycaprolactone (PCL), which could find 

their purpose in the making of letterpress printing plates, were used. In the 

mixture, the PLA was a continuous phase, while the PCL was a dispersed phase. 

Previous research has shown that the addition of silicon dioxide nanoparticles 

can change the interfacial properties of two polymers, i.e. nanoparticles act as 

a compatibilizer and contribute to better miscibility of two, otherwise 

immiscible polymers and thus affect the functional properties of the mixture. 

The aim of this paper was to examine the influence of SiO2 nanoparticles on the 

chemical, surface and morphological properties of a PLA and PCL mixture. FTIR-

ATR spectroscopy was performed in order to get insight whether the silica has 

had an effect on chemical changes within the mixture. Surface free energy was 

determined from contact angle measurements, and SEM microscopy was 

performed to provide insight into the morphology of the samples itself. 
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1 INTRODUCTION 

Due to rising awareness of climate change and pollution, there has been an 
increase in the use of biodegradable materials. In order to make their use as 
widespread as possible, it is necessary to examine their properties and adapt 
them to the occasion for which they will be used. Biodegradable materials are 
materials of natural or synthetic origin that, through the action of bacteria, 
fungi or other microorganisms, enter the biochemical process of converting 
materials into water, biomass, carbon dioxide or methane in a certain period 
of time. Biodegradation depends on conditions such as location, temperature, 
humidity, presence of oxygen and microorganisms, the environment in which 
it is carried out, on the material itself and its properties. (What is 
biodegradation?, n.d.); (Leja and Lewandowicz, 2010); (Vukelić, Pavunc 
Samaržija and Vujasinović, 2017); (Tokiwa, Calabia, Ugwu and Aiba, 2009); 
(Rudnik, 2008). 

Polylactide (PLA) is a biodegradable and bioactive thermoplastic aliphatic 
polyester. At room temperature it is brittle, regardless of the degree of 
crystallinity. It is obtained from corn starch, sugar cane and tapioca. Pure PLA 
has a glass transition temperature (Tg) between 50 and 60 °C and a melting 
point (Tm) at a temperature of about 180 °C. Above the glass PLA is in a rubbery 
or viscoelastic state, and below in a glassy state. In order to expand its field of 
application, it has been shown that mixing with various flexible polymers can 
favorably affect its mechanical properties. Studies have shown that in a 
mixture with PCL (polycaprolactone), materials with a wide range of physical 
properties and biodegradability are formed. Its biodegradation time is about 6 
months. Its mechanical properties are similar to those of polyethylene 
terephthalate, so it can serve as a substitute for it. The advantage of using PLA 
is that it is obtained from renewable sources, and in addition, it is 
biodegradable, compostable, and can be recycled. On the other hand, PLA has 
some limitations such as low toughness which makes it a very brittle material, 
then a long time of degradation which can be a problem when products made 
of PLA after use improperly dispose of and hydrophobicity and inertness. 
Under the simulated landfill conditions, 90% of the PLA biodegrade in ninety 
days (Ebnesajjad, 2013); (Armentano et al., 2015); (Madhavan Nampoothiri, 
Nair and John, 2010); (Rasal, Janorkar and Hirt, 2010); (Boonmee, Kositanont 
and Leejarkpai, 2016). PCL is a synthetic aliphatic polyester that is produced 
from crude oil and is completely biodegradable. It is a hydrophobic, semi-
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crystalline polymer with a melting point of about 60 °C and a glass transition 
temperature of about -60 °C. High molecular weight PCL has properties similar 
to polyethylene. It can be added to PLA, but also to other brittle polymers to 
increase their resistance to breakage. Its degradation time is around 3 years 
but some studies have shown that PCL can be completely degraded in twelve 
days with the addition of fungi of the genus Penicillium, and with the addition 
of fungi of the genus Aspergillus in just 6 days (Ebnesajjad, 2013), (Woodruff 
and Hutmacher, 2010), (Nair, Sekhar, Nampoothiri and Pandey, 2017). Fumed 
silica SiO2 nanoparticles (Aerosil 200) were added in PLA/PCL mixture in order 
to define the influence of nanoparticles on the chemical, surface and 
morphological properties of the mixture.  

In this paper the results of the influence of SiO2 nanoparticles on the chemical, 
surface and morphological properties of PLA and PCL mixtures were reported. 

2 EXPERIMENTAL PART 

2. 1 Materials 

Materials on which the tests were performed were PLA, PCL and SiO2 
nanoparticles (Aerosil 200). PLA was supplied by InegoTM 3251D, Nature 
Works LLC, USA. Its mean molecular weight is 55400 daltons, melt flow index 
is 35 g/10 min (190 °C, 2.16 kg) and 80 g/10 min (210 °C, 2.16 kg). PCL was 
supplied by Capa 6800, Perstorp, UK. Its mean molecular weight is 80000 
daltons and melt flow index is 3 g/10 min (160 °C, 2.16 kg). Aerosil 200 is a 
hydrophilic fumed silica with a specific surface area of 200 m2/g. Its content 
based on ignited material is >99.8%. SiO2 have the function of a compatibilizer, 
i.e. to improve the miscibility of two otherwise immiscible polymers. Samples 
were mixed in the Brabender kneader (C. W. Brabender Instruments, Inc., 
USA). The mass of the samples was around 40 grams as this corresponded to 
the capacity that the kneader could receive. The samples were placed in the 
kneader at a temperature of 190 °C because that temperature can completely 
melt the PLA. Kneader’s speed is 60 rounds per minute. The samples were 
mixed for 5 minutes and after that, they were cut into small pieces so they 
could be pressed and cut into 10 x 10 x 0.14 cm tiles. The pressing was also 
done at a temperature of 190 °C and a pressure of 16 MPa. The pressing lasted 
for a total of 11 minutes. After cooling down, the obtained samples were ready 
for further testing. The list of the samples is shown in Table 1. 
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Table 1: List of the samples 

Sample name m(PLA) / g m(PCL) / g m(SiO2) / g 

PLA/PCL 50/50 20 20 0 

PLA/PCL 70/30 28 12 0 

PLA/PCL 90/10 36 4 0 

PLA/PCL 50/50 + 3% SiO2 20 20 1.2 

PLA/PCL 70/30 + 3% SiO2 28 12 1.2 

PLA/PCL 90/10 + 3% SiO2 36 4 1.2 

 

2. 2 Measurement methods 

The tests performed on the samples were FTIR-ATR spectroscopy, contact 
angle measurement, surface free energy calculation and cross-section SEM 
analysis. FTIR analysis was performed using a Shimadzu IRAffinity-1 FTIR 
Spectrophotometer, Japan. Resolution of the scans was 4 cm-1 and a total of 15 
scans were taken for eache sample. From the obtained samples, it was checked 
whether any chemical changes had occurred within the mixtures and whether 
the addition of SiO2 nanoparticles affected the chemical changes in the 
mixtures. In order to determine the surface free energy of the samples, it was 
first necessary to obtain contact angles for the three reference liquids: water, 
diiodomethane, and glycerol. The contact angles were measured using Data 
Physics OCA 30 goniometer by the Sessile drop method so that 10 drops of 
each liquid were applied to the samples at different places on the surface. The 
droplet volume was 1 μm3. Then, the mean value of the contact angle for each 
of the three liquids was calculated, and using these results and the surface free 
energies of the reference liquids (Table 2), the surface free energies of the 
samples were determined by the OWRK method.  

Table 2: Surface free energies of reference liquids 

Liquids 𝜸𝑫 (mJ/m2) 𝜸𝑷 (mJ/m2) 𝜸𝒍 (mJ/m2) 

Redistilled water (Störm et al.) 
g  = 2,0 μS/cm 

21.80 51.00 72.80 

Glycerol (Van Oss et al.) 
99,5% of purity 

34.00 30.00 64.00 

Diiodomethane (Störm et al.) 
99,0% of purity 

50.80 0.00 50.80 

 
For SEM analysis, it was necessary to cut the samples into small pieces after 
which they first had to be evaporated with gold ions for a better quality of the 
results. Images of the samples were taken at 300× and 1000× magnifications. 
JEOL JSM-6060LV scanning electron microscope was used in this paper. 
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3 RESULTS 

3. 1 FTIR-ATR spectroscopy 

FTIR specters and specific band values of the samples are shown in Figure 1. 
Red arrows represent PLA bands and black arrows represent PCL bands. CH 
stretching appears at 2943 and 2864 cm-1 for PCL in all samples except PLA/PCL 
90/10 and PLA/PCL 90/10 + 3% of SiO2. CH stretching specific to PLA appears 
only in the sample PLA/PCL 90/10 + 3% SiO2 at 2993 and 2947 cm-1. C=O 
stretching for PCL is visible at 1720 cm-1 and it appears in the sample PLA/PCL 
50/50 and PLA/PCL 50/50 + 3% SiO2. For the sample PLA/PCL 70/30 there are 
two C=O peaks, one at 1720 cm-1  which belongs to PCL and the other at 1745 
which belongs to PLA. In the rest of the samples there is only one C=O peak at 
1745 cm-1 which belongs to PLA. At 1452 cm-1 CH3 bending of PLA can be found 
and it appears in all samples. CH deformation specific for PLA is visible at 1363 
cm-1 and also at 1382 cm-1 for the samples PLA/PCL 70/30, PLA/PCL 70/30 + 3% 
of SiO2, PLA/PCL 90/10 and PLA/PCL 90/10 + 3% of SiO2. The peak at 1268 cm-1 
represents C=O bend of PLA and it appears in all of the samples. C-O-C 
stretching of PCL at 1240 is also visible in all samples. C-O stretching appears in 
PLA at 1180, 1130 and 1082 cm-1 and also in PCL at 1294 and 1180 cm-1. The 
peak at 867 cm-1 represents C-COO stretching of PLA and it is visible in all of the 
samples. No significant change was observed in the samples, so it can be 
concluded that no chemical changes occurred within the samples (Popa et al., 
2017); (Shalumon et al., 2011); (Prajongtat et al., 2019); (Chong, Lim and 
Sultana, 2015); (Gómez-Lizárraga et al., 2017); (Lee et al., 2015); (Kemala, 
Budianto and Soegiyono, 2012). Also, there were no specific peaks that will 
represent SiO2  which may be result of covering specific SiO2 bands with specific 
PLA and PCL bands and also due to reduced device sensitivity.  
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Figure 1: FTIR specters of the samples 

3. 2 Contact angles and surface free energy 

Figure 2 presents the results of contact angle measurements. It can be seen 
from the graph that the values of contact angles for water are increased by the 
addition of SiO2 nanoparticles on all observed samples. One can see a decrease 
of those values for glycerol and diiodomethane; except the contact angle of 
glycerol for sample PLA/PCL 70/30 + 3% SiO2. Increasing the proportion of PLA 
in the mixtures without SiO2 leads to the lowering of contact angle values for 
all of the samples and reference liquids except diidomethane for the sample 
PLA/PCL 90/10. The higher values of contact angles for water in the samples 
with the addition of SiO2 indicate the impact of the SiO2 on the 
compatibilization of PLA and PCL which has resulted in higher hydrophobicity. 
Lower values of contact angles for glycerol and diidomethane in the samples 
with the addition of SiO2 are the result of increased dispersive part of surface 
free energy in those samples (Figure 3.b). From Figure 3.a it can be seen that 
the surface free energy is increased with the higher share of PLA in the 
mixtures without the addition of SiO2. Also, the addition of SiO2 has increased 
the surface free energy of the samples. The only exception is sample PLA/PCL 
70/30 + 3% of SiO2 which has the lowest surface free energy of all the samples. 
The sample with the highest value of surface free energy is PLA/PCL 90/10 + 
3% of SiO2.  
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Figure 2: Contact angles of samples for water, glycerol and diiodomethane 

 

 
Figure 3: Surface free energy of the samples: 

a) total, b) dispersive and polar part 

3. 3 SEM analysis 

Figure 4 represents a cross-section of the samples. Images were taken at 300× 
magnification for PLA/PCL 50/50 and PLA/PCL 50/50 + 3% SiO2, and at 1000× 
magnification for the rest of the samples. From Figure 4.a and 4.b is visible that 
PLA and PCL form co-continuous phase. With a larger proportion of PLA in the 
mixture, PCL transforms to the droplet-like phase inside PLA matrix, also 
known as the sea-island phase, which is visible in Figures 4.c to 4.f. Sample 
PLA/PCL 70/30 + 3% SiO2 has smaller PCL droplets than sample PLA/PCL 70/30 
which is consequence of the addition of SiO2 nanoparticles . SiO2 nanoparticles 
were not observed due to insufficient imaging resolution. (Molavi, Ghasemi, 
Messori and Esfandeh, 2019); (Luyt and Gasmi, 2016); (Wu et al., 2011); 

(Nematollahi, Jalali‐Arani and Modarress, 2019). 
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Figure 4: Cross-section of the samples: a) PLA/PCL 50/50, b) PLA/PCL 50/50 + 3% SiO2, 

c) PLA/PCL 70/30, d) PLA/PCL 70/30 + 3% SiO2, e) PLA/PCL 90/10, f) PLA/PCL 90/10 + 

3% SiO2 

4 CONCLUSION 

In this paper the influence of silica nanoparticles on the chemical, surface and 
morphological properties of PLA and PCL mixtures was investigated and the 
following can be concluded: 

• From FTIR analysis it is clear that no chemical change has occurred 
within the mixtures and also there were no specific peaks that will 
represent SiO2 nanoparticles which may be result of covering specific 
SiO2 bands with specific PLA and PCL bands and also due to reduced 
device sensitivity; 

• contact angle results show the increase in the hydrophobicity of the 
samples with the addition of SiO2 nanoparticles which can be a sign of 
the PLA and PCL compatibilization. The addition of SiO2 nanoparticles 
has also increased the dispersive part of surface free energy which 
results in a lower contact angle for glycerol and diiodomethane for all 
of the samples, except the sample PLA/PCL 70/30 + 3% SiO2 whose 
surface free energy is lower than of the same sample without the 
addition of SiO2 nanoparticles; 

• cross-section images show that PLA/PCL 50/50 and PCL 50/50 + 3% 
SiO2 form co-continuous phase, while other samples form sea-island 
phase, i.e. PCL droplet-like phase inside PLA matrix. PLA/PCL 70/30 + 
3% SiO2 forms smaller PCL droplets than the same sample without the 
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addition of SiO2 nanoparticles. SiO2 nanoparticles were not observed 
due to low imaging resolution. 
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Abstract: Due to low density, high stiffness, moderate strength and low price, 

biocomposites with polyethylene (PE) as matrix and biomass as reinforcement 

are also gaining the attention of researchers in the field of packaging. The 

interfacial bonding between the nonpolar PE matrix and the polar biomass 

determines the properties of the biocomposites. The interfacial bonding can be 

improved by surface treatment of the biomass or by the addition of a suitable 

compatibilizer. The compatibilizer, in the present case maleic anhydride grafted 

onto the PE main chain, can also facilitate the dispersion of the biomass in the 

PE matrix. In addition, the nature of the compatibilizer can also be used to 

increase the surface tension of the biocomposite. This triple compatibilization 

function was tested with the PE-HD matrix and the addition of 2 wt.%, 3 wt.%, 

4 wt.%, and 5 wt.% PE -g- MA compatibilizer. Either 30 wt.% waste paper or 

miscanthus fibers were used as reinforcement. Adhesion was tested using IML 

technology during injection molding. The mechanical and thermal properties of 

the biocomposites were determined using bending and tensile tests, DMA, DSC, 

TGA and impact tests. An improvement in adhesion was obtained with 

increasing amount of compatibilizer. Stiffness decreased with increasing 

amount of compatibilizer while strength increased. Impact strength was 

increased with the amount of compatibilizer. The results indicate that the 

compatibilizer can successfully replace the surface treatment of biomass while 

promoting adhesion on the surface without additional surface treatment such 

as corona treatment. The results are promising for the use of this approach for 
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the formulation of biocomposites for the packaging sector, as two additional 

steps are avoided, thus reducing the price of the final product. 

Keywords: PE, compatibilizer, adhesion, biocomposites 

1 INTRODUCTION 

In the packaging field, terms rigid plastics includes bottles, jars, tubs, buckets 
and pails. The development of processing technologies for the production of 
rigid plastic packaging has contributed to the growth of this segment. One of 
the crucial aspects is the decoration of this product. A very commonly used 
technology for manufacturing rigid packaging is injection molding (Hannay et 
al., 2002). The main advantage of plastic packaging is the low density of plastics 
(Susan & John, 2016). In order to maintain the low weight of the packaging, the 
decoration technology of the packaging attracts the interest of the 
researchers. The market dictates the different decoration effects. The 
distinction needs to be made on the packaging containers as well as on the 
design and type of labeling. Decorative effects are three dimensional, color 
effects, contrasts, gloss and matte effects, metallic or reflective effects and 
many others. This can be achieved with films, foils, labels, inks, paints, and 
coatings. Some of these technologies require additional processing steps, some 
have a large environmental impact, and some can be integrated into existing 
production lines with minor modifications. (Crutchley, 2014). An interesting 
technology for applying labels to packaging containers is in-mold labeling 
(IML). This technology for decoration offers many possibilities to achieve the 
best possible quality for visual impact and minimize double handling, as would 
be the case with printing. With IML technology, very thin label material can be 
used. The position of the label in the mold is maintained by either a vacuum or 
an electrostatic charge. Most robotic label placement systems currently 
available do not require a special injection molding machine and can be easily 
connected to most modern injection molding machines with quick clamping 
systems. As a process for high quality decoration of injection molded 
packaging, IML has proven to be viable and demand continues to increase as 
graphic requirements become more demanding (Chen et al., 2010; Crutchley, 
2014; Hannay et al., 2002). Labels for IML must have good adhesion to the 
surface of the injection molded plastic part. The best results can be achieved 
when the injected melt partially bonds with the film, improving the adhesion 
between the film and the molded part (Chen et al., 2010; Crutchley, 2014). In 
a multilayer structure, as in the case of IML, the adhesion between layers is 
difficult to realize, especially with the different polarities of the layers. To 
ensure better adhesion, two main approaches can be used, namely surface 
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pretreatment and material modification. Maleic anhydride grafted 
polyethylene (PE -g- MA) is most commonly used for the reactive compounding 
of polyethylene. PE -g- MA enhances the surface interaction between PE and 
other polar polymers and added fibers (Barczewski et al., 2018; Gao et al., 
2012; Garcia-Garcia et al., 2016; Husseinsyah et al., 2013; Nugent, 2005; 
Petchwattana et al., 2012; Rahman et al., 2016; Roumeli et al., 2015). In the 
present work, PE -g- MA was used as a compatibilizer for biomass in PE -HD 
matrix, as a surfactant for biomass and as an adhesion promoter for IML 
technology. 

2 MATERIAL AND METHODS 

2. 1 Sample 

Commercially available PE -HD with the trade name SABIC HDPE CC2056 was 
purchased from Sabic, Saudi Arabia. Commercially available PLA with the trade 
name Ingeo 7001D was purchased from Resinex, Slovenia. Commercially 
available miscanthus fibers were donated by the company Krilotim, Slovenia. 
Waste paper (waste from paper production) was donated by the company 
Papirnica Vevče, Slovenia. A commercially available PE -g- MA compatibilizer 
with the trade name Exxelor PE 1040 was purchased from the company 
ExxonMobil, Belgium. Commercially available lubricant with the trade name 
Crodamide EBS-MB-(GD) was purchased from Croda, Italy. Commercially 
available antioxidant with the trade name AT 10 was purchased from Amik 
Italia, Italy. The composition of the samples is shown in Table 1.  

Table 1: Composition of the samples (M-miscanthus fibers, WP-waste paper, C-
compatibilizer, L-lubricant, AO-antioxidant) 

Sample 
PE-HD 
(wt.%) 

PLA 
(wt.%) 

M 
(wt.%) 

WP 
(wt.%) 

C 
(wt.%) 

L 
(wt.%) 

AO 
(wt.%) 

15_02 66.62  30  2 1 0.38 

15_03 64.62  30  4 1 0.38 

15_04 62.62  30  6 1 0.38 

60_01 66.62   30 2 1 0.38 

60_02 64.62   30 4 1 0.38 

60_03 65.62   30 3 1 0.38 

60_04 63.62   30 5 1 0.38 

63_01 65.62  30  3 1 0.38 

63_02 64.62  30  4 1 0.38 

63_03 63.62  30  5 1 0.38 

63_04 65.62   30 3 1 0.38 

63_05 64.62   30 4 1 0.38 

63_06 63.62   30 5 1 0.38 
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2. 2 Processing 

For the compounding cycle, the materials were mixed separately and extruded 
on the Labtech LTE 20-44 twin screw extruder. The screws had a diameter of 
20 mm, an L/D ratio of 44:1, a screw speed of 300 rpm, and an increasing 
temperature profile from the hopper (135 °C) to the die (160 °C). After 
compounding, the two produced filaments were cooled in a water bath and 
cut into pellets with a length of about 5 mm and a diameter of 3 mm.  

Injection molding was performed on Krauss Maffei 50-180 CX with a screw 
diameter of 30 mm. The temperature profile was increasing from the hopper 
(145 °C) to the nozzle (160 °C). The mold temperature was set to 45 °C and the 
cooling time to 9 s. The back pressure was set to 195 bar and the screw speed 
to 175 rpm. The injection speed was set to 50 mm/s and 10 mm/s for the last 
2 mm.  

2. 3 Characterization 

Flexural and tensile tests were carried out on Shimadzu AG -X plus according 
to ISO 178 and ISO 527-1 respectively. Five measurements were taken for each 
specimen. In tensile tests, tensile stiffness (Et), tensile strength (σm), tensile 
yield strain (ɛm), and strain at break (ɛtb) were determined. In bending, the 
flexural stiffness (Ef), flexural strength (σfM) and yield strain (ɛfM) were 
evaluated. Thermomechanical properties were investigated using a Perkin 
Elmer DMA 8000. The specimens were heated at 2 °C/min from 25 °C to 140 °C 
under air atmosphere. A frequency of 1 Hz and an amplitude of 20 μm in dual 
cantilever mode were used. Thermal measurements were performed using a 
differential scanning calorimeter (DSC 2, Mettler Toledo) under nitrogen 
atmosphere (20 mL/min). The temperature of the samples was raised from -40 
to 180 °C at a heating rate of 10 °C/min and held in the molten state for 5 min 
to erase their thermal history. After cooling at 10 °C/min, the samples were 
reheated to 180 °C at 10 °C/min. The crystallization temperature (Tc), 

crystallization enthalpy (Hc), melting temperature (Tm), and melting enthalpy 

(Hm) were determined from the cooling and the second heating scan. 
Thermogravimetric analyzes (TGA) were performed using a Perkin Elmer TGA 
4000 thermal analyzer. Analyzes were performed in a nitrogen atmosphere (20 
mL/min) from 40 to 550 °C with a heating rate of 10 °C/min, followed by an 
isothermal segment in an oxygen atmosphere (20 mL/min) at 550 °C for 5 min 
using an Al2O3 crucible without a lid. Impact tests were performed using a 
pendulum Dongguan Liyi Test Equipment, type LY -XJJD5, according to ISO 179. 
The distance between the supports was 60 mm, and a pendulum with 5 J and 
2 J was used for the impact and notched impact tests, respectively.  
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3 RESULTS AND DISCUSSION 

3. 1 Mechanical properties 

As expected, the addition of miscanthus to the PE -HD matrix along with 
compatibilizer and additives (Table 2, Figure 1) increased strength and stiffness 
to a greater extent than the addition of waste paper. With increasing amount 
of compatibilizer, the stiffness of the composites is not affected while the 
strength is increased with more than 4 wt.% as well as the strain at break. The 
compatibilizer improved the interfacial bonding between miscanthus or waste 
paper and the PE-HD matrix, but for the 30 wt.% biomass addition, the required 
amount of compatibilizer is at least 4 wt.% to allow good wetting of the entire 
surface of the biomass. Maleic anhydride is chemically bound to the biomass 
surface during compounding due to its high shear content. Good interactions 
between the compatibilizer and the biomass surface additionally enable better 
dispersion of the biomass particles in the PE-HD matrix. A higher amount of 
compatibilizer allows even better bonding of the biomass in the PE-HD matrix, 
resulting in higher strain at break and higher strength of the biocomposites. 
Higher stiffness, higher strength and higher strain at break are good indicators 
of excellent compatibilization of the biomass in the PE -HD matrix, even though 
the surface of the biomass was not pretreated before compounding. With the 
proper processing parameters, sufficient shear could be generated during 
compounding and injection molding to allow the compatibilizer to wet the 
biomass surface and open the maleic anhydride rings, which could then be 
chemically bonded to the biomass surface.   

Table 2: Summarized results from the bending and tensile tests with standard 
deviation values 

 Bending test results Tensile test results 

Sample 
Ef       

(GPa) 
σfM 

(MPa) 
ɛfM         
(%) 

Et     
(GPa) 

σm 
(MPa) 

ɛm        
(%) 

ɛtb          
(%) 

15_02 2.15±0.03 39.0±0.3 5.6±0.1 2.38±0.13 33.5±0.2 3.0±0.1 3.1±0.1 

15_03 2.16±0.02 40.5±0.1 6.0±0.1 2.64±0.15 36.4±0.2 3.5±0.1 3.6±0.2 

15_04 2.05±0.02 38.9±0.1 6.0±0.1 2.44±0.09 35.3±1.5 3.9±0.2 4.2±0.3 

60_01 1.59±0.03 30.7±0.1 6.8±0.1 1.98±0.13 32.2±0.5 5.4±0.4 5.5±0.5 

60_02 1.60±0.04 31.6±0.1 6.8±0.1 1.63±0.09 32.6±0.2 6.4±0.1 6.9±0.4 

60_03 1.57±0.01 30.8±0.1 6.8±0.1 1.67±0.12 31.0±0.5 6.3±0.2 6.7±0.4 

60_04 1.49±0.07 30.6±0.2 6.9±0.1 1.68±0.09 32.3±0.4 6.5±0.4 6.7±0.6 

63_01 1.74±0.02 33.7±0.3 6.1±0.1 2.14±0.24 29.6±1.1 4.8±0.5 5.2±0.5 

63_02 1.77±0.02 34.2±0.2 6.1±0.1 1.82±0.20 29.4±0.3 5.0±0.6 5.3±0.6 

63_03 1.79±0.02 35.0±0.2 6.2±0.1 1.97±0.19 30.7±0.3 5.6±0.7 6.1±0.8 

63_04 1.48±0.01 30.0±0.1 6.9±0.1 2.00±0.19 31.7±0.4 7.1±0.2 7.8±0.3 

63_05 1.44±0.01 29.7±0.1 6.9±0.1 1.91±0.35 31.4±0.5 7.2±0.5 8.2±0.6 

63_06 1.53±0.01 31.0±0.2 6.9±0.1 1.81±0.23 34.2±0.5 7.0±0.1 7.6±0.5 
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Figure 1: Summarized results of the tensile strength (bars) and strain at break (line) 

3. 2 Thermo-mechanical properties 

The storage modulus curves (Figures 2-4) show a similar dependence of storage 
modulus on temperature. A significant decrease in storage modulus is 
observed at the onset of melting of the PE-HD matrix. The amount of 
compatibilizer has no significant effect on the storage modulus of the 
composites. For the composites with miscanthus, the storage modulus is 
higher than the storage modulus for composites with waste paper, which is in 
good correlation with flexural and tensile tests. The only exception is sample 
63_02, where the storage modulus is lower from room temperature up to 70 
°C, above 70 °C the storage modulus increases to the values of the other 
composites with miscanthus. The reason for this behavior could be due to the 
higher particle size of miscanthus, where the reinforcing effect of the fibers is 
more pronounced at higher temperatures. From the results, it can be 
concluded that the deviation in biomass properties has a greater effect on the 
storage modulus than the amount of compatibilizer added in the composites. 
The loss modulus can be related to the internal friction in the biocomposites. 
The peak of loss modulus curve can be related to the α-transition of the rigid 
amorphous segments in the PE-HD crystals (Mohanty et al., 2006) and is 
related to the reorientation of the defects in the PE -HD crystals. For all 
samples, the peak of loss modulus was shifted to higher temperatures with 
increasing amount of compatibilizer, which can be attributed to the decrease 
of matrix mobility at relaxation temperature caused by better interfacial 
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adhesion between biomass and matrix. We can conclude that the addition of 
the compatibilizer facilitates the dispersion of the biomass (both miscanthus 
and waste paper) in the PE-HD matrix and improves the surface adhesion and 
toughness. 

Figure 2: Summarized results of storage modulus for the samples 15_02 to 15_04 

Figure 3: Summarized results of storage modulus for the samples 60_01 to 60_04 
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Figure 4: Summarized results of storage modulus for the samples 63_01 to 63_06 

Figure 5: Summarized results of loss modulus for the samples 15_02 to 15_04 
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Figure 6: Summarized results of loss modulus for the samples 60_01 to 60_04 

Figure 7: Summarized results of loss modulus for the samples 63_01 to 63_06 

3. 3 Thermal properties 

With increasing amount of compatibilizer, the degree of crystallization was 
higher for the biocomposites with waste paper addition, the bimodal behavior 
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was observed with the addition of miscanthus, with the maximum values at 2 
wt.% and 6 wt.% addition of miscanthus and with the lower values in the range 
of 3 wt.% to 5 wt.%. Already at DMA, the influence of miscanthus particle sizes 
was most likely the reason for different behavior. Also, crystallization can be 
inhibited by the addition of larger particles, with the steric barrier preventing 
crystallization of the PE-HD matrix. The melting and crystallization 
temperatures are not affected. 

Table 3: Summarized results from the 2nd heating from DSC tests 

Sample 
Tm  

(°C) 
ΔHm  

(J/g) 
Tc  

(°C) 
ΔHc  

(J/g) 
Xc  

(%) 

15_02 131.1 132.4 116.5 132.1 67.8 

15_03 132.1 115.9 116.6 111.2 61.2 

15_04 131.6 122.2 115.9 113.6 66.6 

60_01 130.9 140.4 116.9 134.5 71.9 

60_02 131.0 125.9 116.9 113.9 66.5 

60_03 131.2 133.0 116.7 126.9 69.2 

60_04 132.2 136.1 115.9 132.8 73.0 

63_01 130.2 126.4 117.1 120.7 65.7 

63_02 134.4 104.3 113.6 98.9 55.1 

63_03 132.4 109.1 115.0 107.8 58.5 

63_04 134.9 111.5 114.3 110.0 58.0 

63_05 132.3 122.7 115.9 118.0 64.8 

63_06 132.1 124.4 116.3 121.9 66.7 

 

3. 4 Impact properties 

Higher impact strength values were measured for the biocomposites with 
waste paper than for the biocomposites with miscanthus. On the other hand, 
higher notched impact strength values were measured for the samples with 
miscanthus. As the amount of compatibilizer increased, the impact strength 
and notched impact strength values increased. It can be concluded that the 
compatibilizer favours the interfacial adhesion between the biomass and the 
PE-HD matrix, and the surface area of the biomass coated with the 
compatibilizer increases with increasing amount of the compatibilizer. Waste 
paper in the PE-HD matrix improved the impact strength to a greater extent 
than miscanthus, where the smaller diameter of the particles to a bigger extent 
compared to miscanthus where the particle size is bigger. The influence of the 
mineral filler in the waste paper resulted in a decrease in the notched impact 
strength of the composites compared to the composites with miscanthus due 
to the easier propagation of cracks in the biocomposites filled with the mineral 
filler with aspect ratio close to 1.  
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Figure 8: Summarized results of toughness: impact strength (bars) and notched 

impact strength (line) 

3. 5 In-mould labeling 

Several different materials were used conducting in-mold labeling with the 
composites. The best adhesion was achieved with the composites with 5 wt.% 
and 6 wt.% addition of the compatibilizer to the PE-HD matrix. Printed films, 
printed textile labels and NFC chips were tested. The best adhesion was 
achieved with the printed textile labels and with sample 15_04. The tests 
showed that the addition of the compatibilizer in an amount exceeding the 
compatibilization of the biomass can contribute to the adhesion of the labels 
and the biocomposites without the need for surface treatment, as in the case 
of the separate step of labeling after the production of injection molded parts.  

4 CONCLUSION 

The research work focused on the amount of added compatibilizer in 
biocomposites with PE-HD matrix and biomass on the adhesion of labels in in-
mold technology and the influence on the properties of the injection molded 
parts. The increasing amount of compatibilizer does not drastically affect the 
stiffness, but increases the strength and elongation at break. The good 
interfacial adhesion between biomass and PE-HD matrix was further confirmed 
by the shift of loss modulus to higher temperatures and the increasing impact 
and notched impact strength with increasing amount of compatibilizer in the 



48 

biocomposites. The particle size of the biomass had the greatest influence on 
the behavior of the composites. Higher particle sizes decreased stiffness, 
storage modulus, impact strength and crystallinity. A higher improvement in 
mechanical properties was obtained with miscanthus compared to waste 
paper, probably due to the high content of inorganic filler in the waste paper, 
which also caused a decrease in notched impact strength. Label adhesion was 
best when at least 5 wt% of the compatibilizer was added and was not affected 
by the added biomass. We have shown that the one-step labeling process is 
feasible with the right amount of added compatibilizer in the biocomposites 
and can also be used for packaging applications, since additional production 
steps such as cleaning and activation of the surface before labeling can be 
avoided resulting in savings of time and expenses.  

The correlation between the amount of added compatibilizer and the choice 
of material for the labels should be investigated in further research.  
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Abstract: Single-layer packaging films are sporadic on the market today, 

especially ones made of a single polymer. It is usually a blend of polymers or 

some polymer-based composite material. This is because one material does not 

have all the required properties for food protection, and the purpose of 

functionality causes the need for combining and blending materials. Today's 

packaging materials are multilayer structures since they provide the best 

quality and safety of the packed food maintenance. Multilayer packaging 

materials are tough to recycle because it is complicated to separate layers 

made from different materials, and there is no unique way to do it for all 

materials. For this reason, multilayer films are the leading variety of packaging 

waste in landfills. Due to the increased production and application of single-use 

plastics, the EU adopted a range of strategies and regulations to minimize 

plastic waste and incorporate plastic into the circular economy. The main goal 

is to change the product design and enable the recycling of all plastic packaging 

by 2030. PLA-based multilayer films were prepared in this work by combining 

solvent casting PLA films with electrospun PLA film. Two and three-layer 

structures were prepared by annealing the layers to achieve transparent films. 

The electrospun layer is to ensure better barrier properties compared to solvent 

cast film. Mechanical, thermal, morphological, and surface properties were 

examined together with water vapor permeability for all samples. The presence 

of the electrospun layer did not affect the mechanical and thermal properties 

compared to pure PLA films, while it has some positive effects on barrier 

properties. Combining polymer processing technologies without combining 

materials can be an excellent way to reach sustainability goals in the 

forthcoming years. 

Keywords: PLA films, packaging material, multilayer film
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Abstract: Interest in the peel properties of thin polymer films for sealed 

packaging has increased dramatically over the past year due to increasing 

demand, particularly in food preservation and medical applications. For 

customer convenience in all packaging applications and to ensure sterility in 

medical device packaging, seals should be as easy to peel as possible without 

compromising functionality. To achieve the desired peel effect, 6 modified 

blends of PE and PP were prepared using 3 different commercially available 

modifiers at 2 different concentrations. The first modifier was an ethylene-

based α-olefin copolymer, the other two were ethylene-based octene-1 

plastomers and were added at 10% and 20%. The percentage of PE was set at 

30 %, and the percentage of PP was 50% or 60%, depending on the modifier 

content. The prepared blends were extruded and granulated using a twin screw 

extruder. The granules were pressed into thin films, which were analyzed for 

their tensile properties by standard tensile tests and dynamic mechanical 

analysis (DMA), heat sealing and peeled on an universal testing machine, for 

their chemical structure by Fourier transformation infrared spectroscopy (FT-

IR), and for their thermal properties by differential scanning calorimetry (DSC) 

and thermogravimetric analysis (TGA). 

Keywords: sealing, peel properties, easy-peel, PE-PP blends, packaging 

1 INTRODUCTION 

In most packaging applications, packaged goods are sealed to prevent 
contamination and spoilage from light, moisture, temperature, and oxygen in 
the environment. On the one hand, the seal must protect the contents as it 
directly affects the quality of the product and its shelf life, on the other hand, 
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it should be easy to open in order to satisfy customers and provide them with 
a positive experience, as well as fulfill its original purpose, which is to prevent 
contamination (SP Group, 2021). Probably everyone has seen a seal that was 
difficult to peel off without tearing or damaging the container. Most of these 
packages are coextruded blown films made of multiple layers and different 
materials, usually having a peelable seal layer and a core layer of polyethylene 
(PE) (Falla, 2015).  

Poor packaging that is difficult to open and tears when opened, regardless of 
the value of the packaged goods, can cause the product to become unusable - 
it becomes damaged, difficult to store and handle, and can negatively impact 
the reputation of the supplier. Experimental characterization of packaging is 
becoming increasingly important to avoid such inconveniences, save costs and 
ensure functionality of the packaging (Stable Micro Systems Ltd., 2021). 

In view of the above, three commercially available peel effect modifiers were 
selected and added to the PE -PP blends in an amount of 10 wt.% and 20 wt.%. 
The prepared granular blends were extruded and granulated. The granules 
were pressed into films on laboratory press. The mechanical and thermal 
properties of the films were evaluated as well as their peel properties. 

2 MATERIAL AND METHODS 

2. 1 Materials 

Six blends based on PE and PP were prepared using LabTech LTE 20-44 twin 
screw extruder. The extrusion temperature profile (from hopper to die) was: 
165 °C, 170 °C, 175 °C, 180 °C, 185 °C, 190 °C, 190 °C, 195 °C, 195 °C, 200 °C and 
200 °C. The screw speed was set at 600 rpm to achieve good mixing of the 
components. After cooling in the water bath, granulation was carried out. The 
granules were then pressed into thin films on the Baopin BP -8170-B laboratory 
press. Pressing was done at 200 °C and 0.3 MPa for 1 min followed by 7 MPa 
for 0.3 min. Each blend was based on 30 % PE, the granules used were LDPE 
515E from Dow, 50 % or 60 % PP DR155 from Braskem, depending on the 
percentage of modifier in the blend, and 10 % or 20 % of one of the three 
selected modifiers. The first modifier was commercially available ethylene-
based α-olefin copolymer Tafmer A from Mitsui Chemicals. The other two were 
ethylene-based octene-1 plastomers produced by Borealis and commercially 
available as Queo 0201 and Queo 8201. 
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Table 1: Samples and compositions 

Sample LDPE (%) Modification PP (%) 

1 30 10 % Tafmer A 60 

2 30 20 % Tafmer A 50 

3 30 10 % Queo 0201 60 

4 30 20 % Queo 0201 50 

5 30 10 % Queo 8201 60 

6 30 20 % Queo 8201 50 

 
2. 2 Tensile tests 

The tensile tests were carried out using Shimadzu Ag - X Plus universal testing 
machine equipped with a 10 kN load cell. The specimens were cut from pressed 
films and were 10 mm wide and about 0.3 mm thick. They were tested with 
parameters according to ISO 527. The gauge length was 50 mm. The test speed 
was 1 mm/min until elongation of 0.25 %, which was determined with the 
Shimadzu TRViewX Exstensometer, and then 50 mm/min until breakage. 

2. 3 Dynamic mechanical analysis 

The DMA was performed with the dynamic mechanical analyzer Perkin Elmer 
DMA 8000 using tensile testing clapms. The amplitude was set to 0.005 mm 
and the frequency to 1 Hz. The samples were heated at 2 °C/min from 25 °C to 
80 °C. 

2. 4 Peel test 

The films were heat sealed onto PP fleece at 164 °C for 5 s and clamped in the 
clamps for tensile test on Shimadzu AG - X Plus universal testing machine 
equipped with a 10 kN load cell. The entire test was carried out at a crosshead 
speed of 600 mm/min. The distance between the clamps was 30 mm. 10 
measurements were taken for each specimen. 

2. 5 Fourier Transformation Infrared spectroscopy 

FT-IR spectra of the samples were recorded with Perkin Elmer Spectrum 65 
using the Attenuated Total Reflectance (ATR) technique. For each sample, 10 
measurements were made in the range between 4000 cm-1 and 600 cm-1 with 
a resolution of 4 cm-1. 
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2. 6 Differential scanning calorimetry 

DSC measurements were made using Mettler Toledo DSC 2. Approximately 10 
mg of sample was prepared in 40 µL aluminum crucibles. The method consisted 
of a 5 min isothermal step at -40 °C, followed by heating at 10 °C/min to 210 
°C, another 5 min isothermal step at 210 °C, and then cooling from 210 °C to -
40 °C. All steps were then repeated again. The entire measurement was 
performed in a nitrogen atmosphere with a gas flow of 20 ml/min. 

2. 7 Thermogravimetric analysis 

TGA was performed using Mettler Toledo TGA/DSC 3+. About 5 mg of the 
sample was heated from 40 °C to 600 °C in an alumina crucible in a nitrogen 
atmosphere with a gas flow of 20 ml/min at 10 °C/min, followed by heating 
from 600 °C to 900 °C at 10 °C/min in an oxygen atmosphere with a gas flow of 
20 ml/min. 

3 RESULTS AND DISSCUSION 

3. 1 Tensile test 

The tensile properties of the prepared modified PE -PP films were evaluated 
and are shown in Table 2. The highest tensile modulus was determined for 
sample 3 modified with 10% Queo 0201. Increasing the amount of modifier in 
the blend resulted in lower moduli, except for the sample modified with 
Tafmer A (samples 1 and 2), which were comparable. The samples modified 
with 20% modifier did not show any differences in tensile modulus. Tensile 
strength showed a similar trend, with the increase in modifier resulting in 
lower tensile strength, while the strains at tensile strength increased. Again, 
sample 3 exhibited the highest tensile strength. From the above, it can be 
concluded that increasing the amount of modifier at the expense of PP in PE -
PP blends increases the toughness of the blends. 

Table 2: Gathered results of tensile tests 

Sample Tensile modulus (GPa) Tensile strength (MPa) Strain at tensile strength (%) 

1 0.60 ± 0.08 15.91 ± 0.46 12.73 ± 0.75 

2 0.63 ± 0.06 13.98 ± 0.22 17.45 ± 0.24 

3 0.94 ± 0.05 17.33 ± 0.75 14.03 ± 0.91 

4 0.61 ± 0.05 15.05 ± 0.19 15.91 ± 1.41 

5 0.72 ± 0.15 15.35 ± 0.56 11.74 ± 0.79 

6 0.64 ± 0.07 14.45 ± 0.48 16.76 ± 1.34 

 



57 

3. 2 Dynamic mechanical analysis 

Figure 1 shows the dependence of the storage modulus from the temperature. 
Similar to the results of the tensile test, the highest storage modulus was 
measured for sample 3, and a higher content of modifier resulted in a more 
tough PE -PP blend due to the lower PP content in the blend. Samples 2 and 6 
have the lowest storage modulus over the whole range of measured 
temperatures, and above 80 °C there is a significant drop in modulus, probably 
indicating the onset of melting. 

 
Figure 1: Storage modulus versus Temperature 

3. 3 Peel test 

Table 3 shows the average maximum peeling forces of the prepared films 
sealed with the nonwoven PP. The measurement of the peel forces did not 
prove to be the best possible criterion for the application because, taking into 
account the standard deviations, all the samples were in the same range. 
However, the samples differed in their peel properties as can be seen in Figure 
2 with the peeled films. Samples 3 and 4 proved to be the most promising, as 
they were the only samples that detached from the fleece without tearing or 
damaging it, while all the other films did not detach from the fleece but stuck 
to it and tore it when pulled apart. 

 



58 

Table 3: Average maximum peel forces 

Sample Maximal peel force (N) 

1 8.3 ± 1.6 

2 7.9 ± 2.1 

3 7.4 ± 1.3 

4 7.6 ± 1.2 

5 7.4 ± 1.3 

6 6.6 ± 1.8 

 

 
Figure 2: Peeled films 

3. 4 Fourier Transformation Infrared spectroscopy  

The FT-IR spectra of the samples are shown in Figure 3. The spectra are almost 
identical, so no significant differences in the chemical structure of the films 
were found. 

 
Figure 3: FT-IR spectra of samples 
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3. 5 Differential scanning calorimetry 

Figure 4 shows DSC thermograms of the first cooling of the samples, evaluating 
the crystallization behaviour of the samples. All samples crystallize in two steps 
as two peaks can be seen. The peaks at about 110 °C represent the 
crystallization of the component PP and the following peaks between 100 °C 
and 105 °C represent the crystallization of the PE component. The peaks of PP 
are narrower than those of PE, except for sample 2, where the peak of PP 
collides with the peak of PE, probably due to the compatibilizing effect of 
Tafmer A at higher concentration, which corresponds to the shift of the melting 
point of PP (Figure 5) to a lower temperature (141.4 °C). Otherwise, the glass 
transition temperatures of all samples ranged between -10 °C and -15 °C and 
do not appear to be dependent on the concentration of the modifier. The 
melting points of the PE component of the samples were even closer to each 
other in the range between 115 °C and 118 °C. 

 
Figure 4: DSC thermograms of first cooling 

 
Figure 5: DSC termograms of second heating  
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3. 6 Thermogravimetric analysis 

Thermogravimetric analysis was used to determine the degradation 
temperatures and decompositions of the samples. Neither different degrees of 
modifiers nor the modifiers used had a significant effect on the degradation 
temperature. The lowest degradation temperature and the highest residue 
were determined for sample 1, which, however, is comparable to the other 
samples, which showed such small deviations from each other that it cannot 
be claimed that the samples differ significantly from each other. 

Table 4: Gathered results of thermogravimetric analysis 

Sample Degradation temperature (°C) Decomposition (%) The residue (%) 

1 463.5 99.3  0.7 

2 467.8 99.9 0.1 

3 466.3 99.7 0.3 

4 464.7 99.9 0.1 

5 464.4 99.8 0.2 

6 465.9 99.9 0.1 

4 CONCLUSION 

The present study dealt with the preparation of six PE-PP blends modified with 
three different modifiers. The blends were pressed into films which were 
tested for their chemical structure, mechanical, peel and thermal properties. 
As the amount of modifier increased, the toughness of the samples decreased. 
The highest stiffness of the films was observed in the sample containing 10 wt% 
Queo 0201 (sample 3). As for the peel properties, the average peel forces do 
not reflect the actual condition since no differences were found between the 
films in this respect. However, the samples modified with Queo 0201 (sample 
3 and sample 4) showed desirable peel effects, as the films did not damage the 
PP nonwoven during peeling. Based on the infrared spectra of the samples, no 
differences were observed between the films in terms of chemical structure. 
The use of DSC and TGA to determine thermal properties, including thermal 
transitions, decomposition temperature, and decompositions, resulted in 
determination of only minimal differences between the samples. Considering 
the above aspects, especially stiffness and peel properties, samples 3 and 4 
modified with Queo 0201 performed the best. It can be concluded that Queo 
0201 is the most suitable of the modifiers tested for PE -PP blends for 
packaging applications where peel properties are important. 
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Abstract: The main objective of packaging material is to protect the contents. 

Glass, paper, cardboard and plastic have become very important packaging 

materials. From the 1970s, the plastic packaging sector began to grow. Due to 

the large amount of plastic waste in the environment, consumers demanded 

the development of environmentally friendly packaging materials. Polylactic 

acid (PLA) is one of the bio-based and biodegradable alternatives. Besides good 

processing properties, PLA also has some drawbacks. The most pronounced one 

for use in the packaging sector is brittleness. To avoid this drawback, 

nanocrystalline cellulose (NCC) can be incorporated into the PLA matrix. To 

prevent the agglomeration of NCC and improve the surface interaction 

between NCC and PLA, the surface modification of NCC is the most researched 

topic. For packaging material, price is also an extremely important issue. 

Surface modification of NCC is an additional processing step that also involves 

chemicals and is not always environmentally friendly. An alternative to surface 

modification of NCC is the use of a suitable compatibilizer to improve the 

surface interactions between NCC and the thermoplastic matrix and to allow 

uniform dispersion and distribution of NCC in the thermoplastic matrix. Three 

different concentrations of surface unmodified NCC (1 wt.%, 2 wt.%, and 5 

wt.%) in PLA-based blends were prepared. A PLA-based blend without NCC was 

used as a reference. Two compounding cycles were performed to investigate 

the effect of shearing during processing on the properties of the 

nanocomposites and the distribution of NCC in the thermoplastic matrix. The 

addition of NCC increases the stiffness, strength and elongation at break. The 

glass transition temperatures are not affected by the addition of NCC. 



64 

Moreover, the NCC prevents the crystallization of the PLA matrix upon cooling 

and postpones the cold crystallization of the PLA matrix upon heating to higher 

temperatures. The toughness was improved in the nanocomposites with NCC. 

The results show that the toughness of the PLA blend was improved by the 

addition of NCC, although NCC was used without surface modification. 

Modification with a suitable compatibilizer during compounding is the 

environmentally friendly alternative for the production of nanocomposites for 

the packaging industry. 

Keywords: PLA, NCC, toughness modification, compatibilizer 

1 INTRODUCTION 

Commercially available biodegradable PLA is the first choice as a solution for 
the circular economy in many sectors, including packaging. The main obstacle 
for PLA is its brittleness. To overcome PLA's brittle behavior, scientists have 
done a lot of research. The toughness of PLA has been improved through 
various strategies, including plasticization, copolymerization, and melt 
blending with various tough polymers, rubbers, and thermoplastic elastomers. 
Due to the lack of reactive side groups, modification of PLA is a difficult process. 
The toughness of PLA can be compared to the toughness of polystyrene, which 
is commonly used in the packaging sector. The toughness depends on the 
molecular weight, the spatial arrangement of the molecules, the degree of 
crystallinity and the miscibility in the case of thermoplastic blends. To assess 
the brittleness of the material, tensile tests (elongation at break) and impact 
tests are most commonly used. The most effective toughening process remains 
tensile stiffness and tensile strength (Krishnan et al., 2016). For neat PLA, the 
influence of increasing degree of crystallinity of semi-crystalline PLA on 
toughness improvement has been reported (Anderson et al., 2008). The most 
effective ways to orient the PLA molecule are pulling and biaxial orientation. 
Blending with plasticizers increases the elasticity and drastically decreases the 
strength of the compounds. With the modification of the bulk and surface, the 
application range of PLA is expanding (Rasal et al., 2010). Recent bulk 
modifications of PLA to achieve a tough PLA reduce stiffness and strength and 
also lose toughness with physical aging. Surface modification of PLA with 
reactive and non-reactive groups can also affect the properties of bulk PLA as 
monomers from the surface modification groups migrate into the bulk PLA. It 
has been reported that the toughness of PLA is increased by melt blending with 
thermoplastic tougheners and reactive blending (Liu & Zhang, 2011). 
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The addition of non-biodegradable petroleum-based thermoplastic material in 
excess of 20 wt.% resulted in higher impact strength, but at the same time 
stiffness and strength decreased rapidly. The relationship between the 
toughness of PLA and the degree of crystallization has not yet been clarified. 
The thermodynamic immiscibility of PLA with most thermoplastics leads to 
unexpected high-performance PLA-based blends (Zeng et al., 2015). To avoid 
this weakness, compatibilization is required in melt blending. The addition of 
copolymers is the conventional and efficient way to achieve compatibilized 
polymer blends. The main obstacle is the lack of commercially available PLA 
copolymers. Reactive compatibilization is also applicable in industrial 
applications. The incorporation of nanoparticles in reactive compatibilization 
can further improve the mechanical properties and toughness due to the 
reinforcing effect of nanoparticles by changing interfacial properties and phase 
morphologies. Functionalized organoclay (Chen et al., 2005; Risse et al., 2014) 
affects the morphology of PLA/PBS blends due to the compatibilization effect 
of nanoparticles. Organoclay acts as a compatibilizer in PLA/PCL blends (Hoidy 
et al., 2010), PLA/PBSA blends (Ojijo et al., 2012) and PLA/TPS blends (Ferreira 
et al., 2015). The compatibility of PLA/PCL blends was improved by the addition 
of functionalized multi-walled carbon nanotubes (MWCNTs) (Wu et al., 2009).  

The functionalized MWCNTs were mainly dispersed in PCL and at the phase 
interface. The addition of modified polyhedral oligomeric silsesquioxane 
(POSS) (Monticelli et al., 2014) allows the formation of a homogeneous 
microstructure in the PLA/PCL blend. A PLA/PC blend with nano-silica (Irani-
Kolash et al., 2020) with a suitable compatibilizer is a promising 
environmentally friendly material. Lower stiffness and strength with higher 
elongation at break were characterized. Samarium acetylacetonate 
(Chelghoum et al., 2018) facilitates transesterification reactions between PLA 
and PC and improves the performance of PLA/PC blend. The compatibilizer 
helped promote a significant enhancement effect as evidenced by the increase 
in storage modulus of the blend in the temperature interval between the end 
and the beginning of PLA glass transition or cold crystallization. Surface-
modified nanocrystalline cellulose nanocomposites in PLA/PBS blends 
improved interfacial adhesion, stiffness while reducing strength and 
elongation at break (Kian et al., 2019). Addition of 1 wt.% NCC to PLA matrix 
increased the stiffness, but addition of 2 wt.% and 3 wt.% decreased the 
stiffness compared to neat PLA matrix (Sullivan et al., 2015). Different effects 
of the added amount of NCC were reported (Sung et al., 2017), where the 
addition of 1 wt.%, 3 wt.% and 5 wt.% increased the stiffness of the 
nanocomposites with PLA matrix compared to the neat PLA matrix. The 
elongation at break increased with NCC addition of 1 wt.% and decreased with 
NCC addition of 3 wt.% and 5 wt.% into the PLA matrix. All reported results for 
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NCC were obtained with surface modified NCC. The wet blend (Sabo et al., 
2019) of NCC and PLA showed improved barrier and mechanical properties. 

2 MATERIAL AND METHODS 

2. 1 Sample 

Commercially available PLA with the trade name Ingeo 4043D was provided by 
Plastika Trček, Slovenia. Commercially available polycarbonate with the trade 
name Lexan 243 R was purchased from the company Sabic, Austria. NCC was 
donated by the company Navitas, Slovenia. Commercially available SEBS-g- MA 
with the trade name FG 1901 GT was purchased from the company Kraton, 
Germany. Commercially available TPU copolymer with trade name Kuramiron 
U TU -S5265 was purchased from Kuraray, Germany. Commercially available 
CaCO3 with the trade name Calplex Extra was donated by the company Calcit, 
Slovenia. The composition of the samples is shown in Table 1. 

Table 1: Composition of the samples and number of comounding cycles 

Sample 
PLA 

(wt.%) 
PC 

(wt.%) 
SEBS 

(wt.%) 
TPU 

(wt.%) 
CaCO3 
(wt.%) 

NCC 
(wt.%) 

Compounding 
cycles 

PLAPC 42 40 10 5 3 0 1 

PLAPC 
1NCC-1 

41 40 10 5 3 1 1 

PLAPC 
1NCC-2 

41 40 10 5 3 1 2 

PLAPC 
2NCC-1 

40 40 10 5 3 2 1 

PLAPC 
2NCC-2 

40 40 10 5 3 2 2 

PLAPC 
5NCC-1 

37 40 10 5 3 5 1 

PLAPC 
5NCC-2 

37 40 10 5 3 5 2 

 
2. 2 Processing 

For the first compounding cycle, the materials were mixed separately and 
extruded on the Labtech LTE 20-44 twin screw extruder. The screws had a 
diameter of 20 mm, an L/D ratio of 44:1, a screw speed of 600 rpm, and an 
increasing temperature profile from the hopper (165 °C) to the die (200 °C). 
After compounding, the two produced filaments were cooled in a water bath 
and cut into pellets with a length of about 5 mm and a diameter of 3 mm. For 
the second compounding cycle, the prepared pellets of nanocomposites were 
extruded on the same extruder with identical extruder settings.  
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Injection molding was performed on Krauss Maffei 50-180 CX with a screw 
diameter of 30 mm. The temperature profile was increasing from the hopper 
(185 °C) to the die (200 °C). The mold temperature was set to 30 °C and the 
cooling time to 10 s. The back pressure was set to 150 bar and the screw speed 
to 50 rpm. The injection speed was set to 60 mm/s and to 20 mm/s for the last 
1 mm. 

2. 3 Characterization 

Flexural and tensile tests were performed on the Shimadzu AG -X plus 
according to ISO 178 and ISO 527-1, respectively. Five measurements were 
taken for each specimen. In the tensile tests, tensile stiffness (Et), tensile 
strength (σm), elongation at yield (ɛm) and elongation at break (ɛtb) were 
determined. In the flexural tests, the flexural stiffness (Ef) and the flexural 
strength (σfM) and the elongation at yield (ɛfM) were evaluated. 
Thermomechanical properties were investigated using a Perkin Elmer DMA 
8000. The specimens were heated at 2 °C/min from 25 °C to 180 °C under air 
atmosphere. A frequency of 1 Hz and an amplitude of 20 μm in dual cantilever 
mode were used. Thermal measurements were performed using a differential 
scanning calorimeter (DSC 2, Mettler Toledo) under nitrogen atmosphere (20 
mL/min). The temperature of the samples was raised from 0 to 200 °C at a 
heating rate of 10 °C/min and held in the molten state for 5 min to erase their 
thermal history. After cooling at 10 °C/min, the samples were reheated to 200 
°C at 10 °C/min. The crystallization temperature (Tc), crystallization enthalpy 

(Hc), melting temperature (Tm), and melting enthalpy (Hm) were determined 
from the cooling and the second heating scan. Oxidation induction time (OIT) 
measurements were determined using DSC 2 according to the standard 
method ISO 11357-6. After the sample was kept at 50 °C for 5 minutes under a 
nitrogen flow of 50 mL/min, the timer started. The sample was heated from 50 
°C to 200 °C at a rate of 20 °C/min and then held at a nitrogen flow of 50 mL/min 
for 5 minutes to equilibrate. The gas was then switched to oxygen at a flow 
rate of 50 mL/min. Oxidation of the sample was observed as a sharp decrease 
in heat flux, which can be attributed to the endothermic nature of the 
oxidation reaction. The OIT was obtained as an on-set of the endothermic peak 
of the oxidation reaction. The cold crystallization behavior was determined on 
Mettler Toledo Flash DSC 1 with Huber intercooler TC45 and nitrogen purge 
gas (50 mL/min). The injection molded specimens were prepared from ISO 527 
test specimens. Specimens were cooled from the melt (200 °C) to the desired 
temperature, rapidly heated to the aging temperature (90 °C for 100 s), rapidly 
cooled to 15 °C, reheated to 120 °C, and then cold crystallized at 120 °C for 
various times (from 0.1 s to 2,400 s). All cooling and heating segments were 
rapidly cooled and heated (500 °C/s) to prevent crystallization during cooling 
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and heating. The first heating run was performed from 15 °C to 200 °C. For the 
evaluation of the heating segment nr. 12 was taken and the melting 
temperature and enthalpy of fusion were characterized. The mass of the 
samples was determined with normalized specific heat capacity change in glass 
transition evaluation based on the evaluation of DSC-2 measurements. Impact 
tests were performed using the pendulum Dongguan Liyi Test Equipment, type 
LY -XJJD5, according to ISO 179. The distance between the supports was 60 
mm, and a pendulum with 5 J and 1 J was used for the impact and notched 
impact tests, respectively. 

3 RESULTS AND DISCUSSION 

3. 1 Mechanical properties 

Addition of NCC to a PLA-based blend improved strength, stiffness, and 
elongation at break (Figure 1) by adding 1 wt.% and one compounding cycle, 
as shown in Table 2. The additional compounding cycle decreased the flexural 
strength and stiffness, increased the tensile stiffness, and did not affect the 
tensile strength and elongation at break. At higher concentrations (2 wt.% and 
5 wt.%) of NCC in PLA-based blends, the second compounding cycle lowers the 
strength and stiffness. Higher NCC loading results in lower flexural stiffness and 
higher tensile stiffness, strength and elongation at break, except for sample 
PLAPC 5NCC-2. Higher strength, stiffness and elongation at break are due to 
good compatibilization of NCC in PLA-based blend matrix and consequently 
good surface interaction of NCC and modified thermoplastics due to addition 
of compatibilizers SEBS and TPU. High shear value during compounding cycles 
and suitable compatibilizers prevent strong agglomeration of NCC in the PLA-
based blends during processing, resulting in higher strength and elongation at 
break compared to neat PLA-based blends. 

Table 2: Summarized results from the flexural and tensile tests 

 Flexural test results Tensile test results 

Sample Ef     
(GPa) 

σfM 

(MPa) 
ɛfM         
(%) 

Et     
(GPa) 

σm 
(MPa) 

ɛm    
(%) 

ɛtb     
(%) 

PLAPC 2.03±0.02 48.2±1.1 3.13±0.28 2.17±0.16 31.6±0.3 3.5±0.3 4.8±0.6 

PLAPC 1NCC-1 2.08±0.01 57.6±0.3 4.68±0.08 2.37±0.31 40.5±0.2 4.3±0.1 9.6±0.4 

PLAPC 1NCC-2 2.02±0.01 55.6±0.3 4.71±0.06 2.44±0.24 40.7±0.4 4.5±0.2 9.5±0.8 

PLAPC 2NCC-1 1.95±0.01 52.6±0.3 4.84±0.11 2.38±0.27 37.4±0.2 4.5±0.1 8.7±0.9 

PLAPC 2NCC-2 1.88±0.01 51.1±0.2 4.86±0.14 2.33±0.11 37.3±0.4 4.3±0.1 8.8±1.0 

PLAPC 5NCC-1 1.94±0.01 51.6±0.5 4.77±0.13 2.23±0.07 36.6±0.5 4.7±0.2 8.6±0.6 

PLAPC 5NCC-2 1.81±0.01 40.4±2.4 3.00±0.49 2.01±0.13 31.5±0.6 3.9±0.1 4.6±0.3 
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Figure 1: Summarized results of the tensile strength (bars) and strain at break (line) 

3. 2 Thermo-mechanical properties 

The storage modulus curves (Figures 2 and 3) show the first drop at the glass 
transition temperature for PLA. The drop is more significant for PLA-based 
blends compared to PLA-based blends with NCC. The storage modulus is higher 
in this range (75 °C to 100 °C) with higher NCC content. Above 100 °C, the 
storage modulus increases due to cold crystallization of the material. The 
lowest peak for the cold crystallization temperature was for sample PLAPC (114 
°C), and the highest peak was for sample PLAPC 1NCC-2 (119 °C). For all 
samples with NCC addition, the peak for cold crystallization temperature in the 
second compounding cycle was at a higher temperature than in the first 
compounding cycle. The addition of NCC to PLA-based blends inhibits the cold 
crystallization of PLA. At low NCC loading (1 wt.%), the NCC acts as a 
reinforcement for the PLA-based blend; at higher loadings (2 wt.% and 5 wt.%), 
the stiffness of the nanocomposites falls below the stiffness of the neat pure 
matrix. Despite the inhibitory effect of NCC on cold crystallization, the NCC 
prevents the softening of the PLA-based matrix after the glass transition 
temperature of PLA. The dissipation factor curve exhibits two sharp peaks at 
69 °C and 160 °C (Figures 4 and 5), for the PLA and PC matrices, respectively. 
The height of the first peak is lowest for the PLAPC 1NCC sample and highest 
for the PLAPC sample. The height of the second peak is lowest for sample 
PLAPC and highest for sample PLAPC 1NCC. In the second compounding cycle, 
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the peak heights are higher, indicating the beginning of the degradation of the 
matrix. The most elastic behavior is exhibited by sample PLAPC 1NCC after the 
first compounding cycle. The good surface interaction of NCC with the matrix 
due to the compatibilizer in sample PLAPC 1NCC increases the storage 
modulus, maintains the storage modulus at a high level, and decreases the 
peak height of the loss factor for PLA. The higher peak of loss factor for PC in 
sample PLAPC 1NCC is due to the highest cold crystallization temperature in 
sample PLAPC 1NCC and consequently the overlap of the glass transition 
temperature of PC and the onset of melting of PLA.   

 
Figure 2: Summarized results of storage modulus for the first compounding cycle 
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Figure 3: Summarized results of storage modulus for the second compounding cycle 

 

 
Figure 4: Summarized results of loss factor for the first compounding cycle 
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Figure 5: Summarized results of loss factor for the second compounding cycle 

3. 3 Thermal properties 

The addition of NCC to PLA-based blends slightly shifts the glass transition 
temperature for PLA to higher temperatures, as do the cold crystallization 
temperatures and slightly melting temperatures (Table 3). The enthalpy of 
fusion is higher for NCC nanocomposites. The second compounding cycle 
lowers the glass transition and cold crystallization temperatures and increases 
the melting enthalpies without affecting the melting temperatures. With 
higher NCC content, the glass transition and melting temperatures as well as 
the melting enthalpies increase. The thermal stability is improved by the 
addition of NCC practically independent of the concentration and decreases 
with the second compounding cycle (Figure 6). The oxidation induction time 
and also the peak degradation time have the same trend. The crystallization 
kinetics were characterized by Flash DSC (Figures 7, 8). The onset of crystal 
moieties formation was after aging at 90 °C for 100 s and at 120 °C after 100 s 
for all samples. The shorter time is not sufficient for crystal moieties formation. 
Higher NCC loading promoted the formation of crystal moieties as well as the 
second compounding cycle. The fastest and largest increase in crystal moieties 
was for sample PLAPC 5NCC-2 up to the cold crystallization time 600 s, then for 
sample PLAPC 1NCC-2. It can be concluded that NCC inhibits cold crystallization 
at shorter times and promotes cold crystallization at longer times at elevated 
temperatures. The mobility of PLA chains at elevated temperatures reaches a 
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threshold for the formation of crystal moieties after 600 s at 1 wt.% and 2 wt.% 
NCC loading. At the concentration of 5 wt.% NCC loading, 100 s is sufficient due 
to the higher amount of NCC particles in the matrix. From the results, it can 
also be concluded that agglomeration of NCC occurs to a lesser extent and 
increases with increasing NCC content. 

Table 3: Summarized results from the 2nd heating from DSC tests 

Sample 
Tg  

(°C) 
ΔCp  

(J/gK)  
Tcc  

(°C)  
ΔHcc  

(J/g) 
Tm  

(°C) 
ΔHm  

(J/g) 
Diff. ΔHm 

(J/g)  

PLAPC 59.8 0.106 123.6 5.35 152.0 5.37 0.02 

PLAPC 1NCC-1 60.8 0.091 133.3 0.32 152.2 0.37 0.05 

PLAPC 1NCC-2 60.6 0.094 128.3 0.04 152.2 0.33 0.29 

PLAPC 2NCC-1 61.1 0.079 133.4 0.13 152.4 0.31 0.18 

PLAPC 2NCC-2 60.7 0.085 131.6 0.18 152.8 0.52 0.34 

PLAPC 5NCC-1 61.1 0.060 130.4 0.24 153.2 0.48 0.24 

PLAPC 5NCC-2 60.1 0.078 128.4 1.28 152.9 1.67 0.39 

 

 
Figure 6: Summarized results of oxidation induction time: onset time (bars) and peak 

time (line) 
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Figure 7: Summarized results of crystallization enthalpy of the samples after aging at 

90 °C for 100 s and various cold crystallization times at 120 °C 

 
Figure 8: Summarized results of melting temperature of the samples after aging at 90 

°C for 100 s and various cold crystallization times at 120 °C 
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3. 4 Impact properties 

The addition of NCC to a PLA-based blend increased the impact and notched 
impact strength. A higher amount of NCC and an additional compounding cycle 
lowered toughness. Higher impact and notched impact strength is achieved by 
good surface interaction between NCC and matrix. Lower toughness at higher 
concentrations of NCC in PLA-based blends is due to higher agglomeration of 
NCC. Lower toughness at second compounding cycle is due to slight 
degradation of thermoplastic matrix due to thermal degradation of PLA. The 
toughness of the nanocomposites is higher than that of the neat PLA-based 
blend except for the sample PLAPC 5NCC-2. 

 
Figure 9: Summarized results of toughness: impact strength (bars) and notched 

impact strength (line) 

4 CONCLUSION 

The effect of adding NCC in three different ratios into PLA-based blends and in 
two compounding cycles on the toughness of nanocomposites NCC/PLA-based 
blends were investigated. The effect of incorporation of NCC into PLA-based 
blends and the mechanical and thermal properties were also studied.  

Incorporation of unmodified NCC into PLA-based blends with TPU and SEBS 
compatibilizers at high shear during compounding greatly prevents 
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agglomeration of NCC and allows good surface interactions between NCC and 
thermoplastic matrix. The agglomeration of NCC was not reduced by the 
second compounding cycle, indicating a slight thermal degradation of PLA. The 
highest toughness of the nanocomposite was confirmed by the tensile test, 
where the addition of 1 wt.% NCC into a PLA-based blend increased the 
strength (+ 28%), stiffness (+ 9%), and elongation at break (+ 100%). The 
improvement in toughness was also confirmed by impact tests, which 
measured impact (+ 224 %) and notched impact (+ 32 %) strength compared to 
a PLA-only blend. Further increase of NCC addition and also the second 
compounding step lower the toughness, but the values are still higher 
compared to neat PLA blend. The addition of NCC inhibits the oxidation of 
nanocomposites, which is due to the higher thermal stability of 
nanocomposites due to the good surface interaction between NCC and the 
matrix. Second compounding steps decrease the oxidation induction time 
below the level of neat PLA blend. The addition of NCC to the PLA blend inhibits 
the cold crystallization of PLA under slow heating, but allows the formation of 
larger crystalline PLA moieties. The second compounding cycle leads to a slight 
degradation of the matrix and allows the formation of even larger crystalline 
PLA crystalline moieties due to shorter PLA chains.  

Novel properties of PLA blends with NCC were developed by using appropriate 
compatibilizers during melt compatibilization. To describe the dependence on 
the amount of added NCC in nanocomposites, the addition of less than 1 wt.% 
NCC in PLA-based nanocomposite blends should be investigated in further 
research. 
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Abstract: High brittleness of polylactic acid (PLA) is the main drawback for the 

use of this material in the packaging sector. To overcome this drawback, there 

are many PLA blends with other thermoplastic tough materials. To maintain 

the biodegradable properties of PLA blends, the preparation of blends with 

other biodegradable materials is preferred. The most commonly used are 

poly(3-hydroxybutyrate) (PHB) and polybutylene adipate terephthalate (PBAT). 

The disadvantage of PHB is its high price, and the disadvantage of PBAT is the 

incompatibility of PLA and PBAT. For PLA-PBAT blends, multifunctional reactive 

polymers are used as reactive compatibilizers. For packaging applications, 

epoxy oligomers can be used as reactive compatibilizers. To reduce the price of 

PLA blend, biomass can be added as filler. In the present work, the PLA matrix 

was mixed with 15 wt.% and 20 wt.% PBAT in the presence of a multifunctional 

reactive polymer with epoxy groups. As biomass, 5 wt.% and 10 wt.% of hops 

were added along with compatibilizer. The mechanical, thermal and impact 

properties were tested and evaluated. The presence of hops keeps the thermal 

properties of biocomposites at the level of pure PLA. The addition of PBAT 

lowers the stiffness and strength, but dramatically increases the toughness of 

the biocomposites. In biocomposites, cold crystallization of PLA occurs at lower 

temperatures compared to neat PLA. From the results, we can conclude that 

hops increases the stiffness and decreases the glass transition temperature, 

while the addition of PBAT decreases the stiffness and glass transition 

temperatures, but both together act as nucleating agents for the crystallization 

of PLA matrix. Reactive compatibilization was successful as the biocomposite 

exhibited over 200 % higher impact strength and over 240 % higher elongation 
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at break compared to the neat PLA matrix. The biocomposites are cheaper 

alternative and can be used in the packaging sector due to their good stiffness, 

strength, toughness and low price compared to the petroleum-based materials 

currently used in the packaging sector. Another advantage is that biomass can 

be used as a filler in biocomposites without the need for surface treatment as 

a suitable compatibilizer is used. 

Keywords: PLA, PBAT, toughness modification 

1 INTRODUCTION 

High-volume applications of bio-based and biodegradable materials are driven 
by low carbon footprint, renewability, and compostability. Like other fossil-
based thermoplastic materials, bio-based and biodegradable materials have 
some drawbacks. These can be avoided by blending these materials with other 
thermoplastic materials. Polylactic acid (PLA) and poly(butylene adipate-co-
terephthalate) (PBAT) are polyester materials that have attracted a lot of 
attention due to their biodegradability. PLA is synthesized from renewable 
resources, while PBAT is petroleum-based. PLA is a semi-crystalline polymer 
with a melting point around 180 °C and a glass transition temperature of 50 °C 
to 65 °C. The thermal properties and toughness of PLA are insufficient in many 
applications, including packaging applications (Reddy et al., 2013). To improve 
the poor performance of PLA, blends can be made with flexible but 
biodegradable materials such as polycaprolactone (PCL), poly(propylene 
carbonate) (PPC), poly(butylene succinate) (PBS), poly(butylene succinate-co-
adipate) (PBSA), and PBAT (Wang et al., 2019). PLA/PBAT blends were prepared 
using different processing technologies and in a wide range of ratios between 
90/10 to 10/90 wt.%. For blown film, the maximum PLA content was 40 wt.%. 
The limited miscibility between PLA and PBAT was confirmed with two almost 
unchanged glass transition temperatures in all blends. Two-phase 
morphologies were observed, droplet-matrix and co-continuous morphology. 
A blend with 10 wt.% PBAT showed the highest stiffness, and a blend with 90 
wt.% PBAT showed the highest elongation at break (Su et al., 2020). When PLA 
is blended with PBAT, the interpenetrating network can be prepared in the 
composition range between 10 and 20 wt.% of PBAT and the elongation at 
break can be increased from 10% to 300% (Deng et al., 2018). The miscibility 
of PLA/PBAT blends showed partial miscibility of PBAT in the PLA-rich phase at 
PBAT content less than 1 vol.%. A dependence of the partial miscibility on the 
molecular weight of PBAT was demonstrated. As the molecular weight of PBAT 
increased, the partial miscibility decreased (Jalali Dil et al., 2015). To overcome 
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the limit of miscibility with the amount of PBAT, the use of a suitable 
compatibilizer is an effective means. When 30 wt.% PBAT was added to PLA, 
the 10 wt.%  PLA grafted with glycidyl methacrylate improved the tensile 
strength and elongation at break (Lyu et al., 2020). PLA-polyethylene glycol-
PLA (3 wt.%) were synthesized as effective compatibilizers with different chain 
lengths to promote interfacial structure and mechanical properties in 
PLA/PBAT (70/30 wt.%) blends. In the presence of the compatibilizer, the fine 
phase morphology appeared due to the increased interfacial adhesion 
between PLA and PBAT as the compatibilizer moved to the interface of 
PLA/PBAT due to the high shear during compounding. The PLA-polyethylene 
glycol-PLA compatibilizer decreased the stiffness and strength of the 
compounds, the elongation at break was not significantly affected, while the 
toughness was improved (Ding, Feng, et al., 2018). The addition of tri-block 
copolymers PLA-PBAT-PLA (5 wt.%) to PLA/PBAT blends (70/30 wt.%) improved 
the elongation at break, but simultaneously decreased the strength (Ding, Lu, 
et al., 2018). For electrospinning, the compatibilizer tetrabutyl titanate (2 and 
4 wt.%) was used in PLA/PBAT (70/30 wt.%) blends. The compatibilizer resulted 
in homogeneous bead-free fibers and smoother fiber surface due to improved 
compatibility of PLA/PBAT blends due to improved interfacial adhesion 
between PLA and PBAT (Khatsee et al., 2018). By using peroxide as a modifier 
in a PLA, PBAT and poly(butylene succinate) matrix, a super-tough PLA blend 
was prepared. The interfacial adhesion between all three components and the 
reduced particle size of PBAT were the reason for the super-tough material 
(Wu et al., 2019). The toughness of the PLA/PBAT blend was improved by the 
addition of triethyl citrate and toluene diisocyanate. The synergistic effect of 
plasticizer and compatibilizer improved the chain mobility and interfacial 
interaction between PLA and PBAT. This resulted in improved tensile and 
impact properties and accelerated cold crystallization behavior (Phetwarotai 
et al., 2019). The literature reports the use of multifunctionalized epoxy 
polymers as propper compatibilizers for PLA/PBAT blends (Arruda et al., 2015; 
Carbonell-Verdu et al., 2018; Lamnawar et al., 2018; Zhao et al., 2020). 
Multifunctionalized epoxy (0.25 wt.% and 0.5 wt.%) used in the reactive 
extrusion of PLA/PBAT blends (80/20 wt.%) increased the stiffness and 
elongation at break due to chain elongation, chain branching and coupling of 
PLA and PBAT (Al-Itry et al., 2014). Addition of epoxy functionalized 
poly(lactide) in PLA/PBAT blends for blown film production increased melt 
strength and showed increased bubble stability. Higher PLA content, up to 70 
wt.% PLA, could be achieved with the compatibilizer (Schneider et al., 2016). 
Biodegradation of PLA/PBAT samples in soil showed an increased degree of 
crystallinity during biodegradation. Higher crystallinity inhibited 
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biodegradation. The multifunctional chain extender (1 wt.%) also inhibited 
biodegradation of blends (Palsikowski et al., 2018). 

2 MATERIAL AND METHODS 

2. 1 Sample 

Commercially available PLA with the trade name Ingeo 4043D was provided by 
Plastika Trček, Slovenia. Commercially available PBAT with the trade name 
Ecoflex F Blend C1200 was purchased from BASF, Germany. A commercially 
available multifunctionalized epoxy polymer with the trade name Joncryl ADR 
4468 was purchased from BASF, Netherlands. A commercial TPU copolymer 
with the trade name Kuramiron U TU -S5265 was purchased from Kuraray, 
Germany. Commercial hops with the trade name Styrian Aurora in the form of 
pellets were donated by Slovenian Institute of Hop Research and Brewing, 
Slovenia. The composition of the samples is shown in Table 1. 

Table 1: Composition of the samples and number of comounding cycles 

Sample 
PLA 

(wt.%) 
PBAT 

(wt.%) 
TPU 

(wt.%) 
Joncryl 
(wt.%) 

Hops 
(wt.%) 

PLA 100 0 0 0.0 0 

PLA15PBAT10H 70 15 4.5 0.5 10 

PLA15PBAT5H 75 15 4.5 0.5 5 

PLA20PBAT5H 70 20 4.5 0.5 5 

 
2. 2 Processing 

For the compounding cycle, the materials were mixed separately and extruded 
on the Labtech LTE 20-44 twin screw extruder. The screws had a diameter of 
20 mm, an L/D ratio of 44:1, a screw speed of 300 rpm, and an increasing 
temperature profile from the hopper (145 °C) to the die (180 °C). After 
compounding, the two produced filaments were cooled in a water bath and 
cut into pellets with a length of about 5 mm and a diameter of 3 mm.  

Injection molding was performed on Krauss Maffei 50-180 CX with a screw 
diameter of 30 mm. The temperature profile was increasing from the hopper 
(165 °C) to the nozzle (180 °C). The mold temperature was set to 30 °C and the 
cooling time to 20 s. The back pressure was set to 195 bar and the screw speed 
to 100 rpm. The injection speed was set to 60 mm/s and to 20 mm/s for the 
last 2 mm. 
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2. 3 Characterization 

Flexural and tensile tests were performed on the Shimadzu AG -X plus 
according to ISO 178 and ISO 527-1, respectively. Five measurements were 
taken for each specimen. In the tensile tests, tensile stiffness (Et), tensile 
strength (σm), elongation at yield (ɛm) and elongation at break (ɛtb) were 
determined. In the flexural tests, the flexural stiffness (Ef) and the flexural 
strength (σfM) and the elongation at yield (ɛfM) were evaluated. 
Thermomechanical properties were investigated using a Perkin Elmer DMA 
8000. The specimens were heated at 2 °C/min from 25 °C to 120 °C under air 
atmosphere. A frequency of 1 Hz and an amplitude of 20 μm in dual cantilever 
mode were used. Thermal measurements were performed using a differential 
scanning calorimeter (DSC 2, Mettler Toledo) under nitrogen atmosphere (20 
mL/min). The temperature of the samples was raised from 25 to 180 °C at a 
heating rate of 10 °C/min and held in the molten state for 5 min to erase their 
thermal history. After cooling at 10 °C/min, the samples were reheated to 180 
°C at 10 °C/min. The crystallisation temperature (Tc), crystallisation enthalpy 

(Hc), melting temperature (Tm), and melting enthalpy (Hm) were determined 
from the cooling and the second heating scan. Thermogravimetric analyses 
(TGA) were performed using a Mettler Toledo TGA/DSC 2+ thermal analyzer. 
Analyses were performed in a nitrogen atmosphere (20 mL/min) from 40 to 
600 °C with a heating rate of 10 °C/min, followed by a segment in an oxygen 
atmosphere (20 mL/min) from 600 to 650 °C using an Al2O3 crucible without a 
lid. Impact tests were performed using a pendulum Dongguan Liyi Test 
Equipment, type LY -XJJD5, according to ISO 179. The distance between the 
supports was 60 mm, and a pendulum with 5 J and 2 J was used for the impact 
and notched impact tests, respectively. 

3 RESULTS AND DISCUSSION 

3. 1 Mechanical properties 

As expected, the addition of PBAT to PLA (Table 2, Figure 1) decreased the 
strength and stiffness of PLA/PBAT blends. The addition of hops lowered the 
flexural strength but increased the flexural stiffness, lowered the tensile 
strength and stiffness and the elongation at break. The addition of PBAT 
drastically increased the elongation at break. We can conclude that the 
PLA/PBAT biocomposite with hops achieved higher toughness by adding 
Joncryl and TPU as compatibilizers, which achieved a synergistic effect. The 
improved toughness is the result of good interfacial bonding between PLA and 
PBAT matrix and also hops. TPU improved the interfacial bonding between the 
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thermoplastic matrix and hops, and Joncryl successfully bonded PLA and PBAT. 
Lower hops content and higher PLA content in the composite had minimal 
effect on stiffness, increased strength and elongation at break. We can 
conclude that Joncryl successfully coupled the PLA and PBAT matrix and the 
compatibilizer TPU increased the interfacial adhesion between hops and 
thermoplastic matrix. Higher PBAT content and lower hops content decreased 
the stiffness and strength, but dramatically increased the elongation at break, 
which can be attributed to the plasticizing effect of PBAT and simultaneously 
to the coupling of an additional amount of PBAT to PLA as a result of the 
addition of Joncryl. Lower PLA content and higher PBAT content exhibit lower 
strength and stiffness, and the elongation at break is greatly increased. 
Multifunctionalized epoxy polymer successfully coupled PLA and PBAT, 
probably due to the formation of smaller PBAT domains in the PLA phase (Ding, 
Feng, et al., 2018). 

Table 2: Summarized results from the flexural and tensile tests with standard 
deviation values 

 Flexural test results Tensile test results 

Sample Ef       
(GPa) 

σfM 

(MPa) 
ɛfM         
(%) 

Et     
(GPa) 

σm 
(MPa) 

ɛm        
(%) 

ɛtb          
(%) 

PLA 3.38±0.07 105.2±0.8 4.49±0.04 3.17±0.21 71.8±1.0 3.25±0.22 4.81±0.27 

PLA15PBAT10H 2.87±0.02 71.5±0.2 3.38±0.01 2.47±0.23 46.9±0.7 2.76±0.05 3.93±0.21 

PLA15PBAT5H 2.84±0.01 74.1±0.3 3.50±0.01 2.59±0.17 50.4±0.5 2.94±0.04 8.87±1.16 

PLA20PBAT5H 2.48±0.01 64.3±0.2 3.85±0.04 2.45±0.33 42.9±0.8 2.88±0.04 16.50±2.04 

 

 
Figure 1: Summarized results of the tensile strength (bars) and strain at break (line) 
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3. 2 Thermo-mechanical properties 

The storage modulus curves (Figure 2) showed the first drop in glass transition 
temperature for PLA. With increasing PBAT content, the glass transition 
temperature decreased. A higher percentage of hops decreased the glass 
transition temperature. The highest storage modulus is exhibited by pure PLA, 
and the lowest storage modulus is exhibited by the biocomposite with the 
highest PBAT content (sample PAL10PBAT5H). After glass transition, the neat 
PLA had the lowest storage modulus and the highest cold crystallization 
temperature. For the biocomposites, the cold crystallization temperature of 
PLA was lower. We can conclude that the improved cold crystallization 
behavior of PLA is due to the addition of multifunctionalized epoxy polymer. 
The highest storage modulus was exhibited by the samples with the highest 
hops content. Most likely, hops acted as nuclei for the propagation of cold 
crystallization at lower temperatures, as the smaller size of PBAT particles was 
less sterically hindering PLA crystallization. Two peaks are observed in the loss 
modulus curves (Figure 3) at about 60-65 °C and 95-110 °C, corresponding to 
the glass transition of PLA and cold crystallization of PLA, respectively. As the 
amount of PBAT increased, the height of the peak for the glass transition of 
PLA decreased. With the addition of PBAT, the peaks for the glass transition of 
PLA shifted to a lower temperature that was not affected by the amount of 
PBAT. With a higher amount of hops, the peak height of the loss modulus for 
the glass transition of PLA remained at the same level, but the peak is shifted 
to lower temperatures. The shift of the peaks of glass transition of PLA to lower 
temperatures illustrates the improved miscibility of PLA and PBAT at the 
interface. The higher loss modulus at lower temperatures for the 
biocomposites compared to neat PLA also demonstrates the plasticizing effect 
of PBAT in the biocomposites. The most pronounced shift in peak position to 
lower temperatures for the biocomposites compared to neat PLA is seen in the 
loss factor curves (Figure 4). The most elastic behavior in the glass transition 
region of PLA was exhibited by the sample with the highest PBAT content 
(PLA20PBAT5H). A higher addition of hops acted as a plasticizer and resulted in 
better damping behavior, as shown by a higher peak of loss factor compared 
to a lower hops content and the same PBAT content. The peak of loss factor is 
slightly shifted to lower temperature at higher hops content. We can conclude 
that hops as an additive to Joncryl improves the miscibility of PLA and PBAT, 
which is most likely due to the addition of TPU leading to good interfacial 
interactions between PLA and PBAT and hops. 
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Figure 2: Summarized results of storage modulus  

 
Figure 3: Summarized results of loss modulus  
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Figure 4: Summarized results of loss factor  

3. 3 Thermal properties 

Due to the low crystallization of neat PLA, cold crystallization occurred during 
the second heating, and no crystallization was observed during cooling (Tables 
3 and 4). The addition of PBAT to PLA resulted in an overlap of melting of PBAT 
and cold crystallization of PLA upon heating. With a higher amount of PBAT in 
PLA/PBAT blends, the peak height for cold crystallization of PLA and melting 
decreased. The glass transition temperature shifted to lower temperatures, 
and the cold crystallization temperature and melting temperature shifted to 
higher values. On cooling, crystallization of PLA occurred (from 69 °C to 71 °C), 
followed by glass transition temperature and crystallization of PBAT (from 40 
°C to 44 °C). A higher amount of hops and a larger amount of PBAT shifted the 
glass transition temperature of PLA to lower values, which confirmed the DMA 
results due to the plasticizing effect of hops and PBAT and the formation of 
good interfacial interactions between PLA and PBAT. The interfacial 
interactions between PLA and PBAT and the good compatibilization of hops 
with the thermoplastic matrix suppress the cold crystallization temperature to 
higher values. Also, the shift of melting temperature of PLA to higher values 
confirmed good interfacial interactions between PLA and PBAT and the 
formation of smaller PBAT particles within PLA phase. The conclusion could be 
that smaller PBAT particles in lower amount can hinder PLA crystallization and 
larger crystalline PLA domains can be formed. The incorporation of PBAT, hops, 
Joncryl, and TPU stimulates the crystallization of PLA upon cooling, albeit to a 
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limited extent. The crystalline PLA domains subsequently inhibit the 
crystallization of PBAT at lower temperatures. The influence of crystallization 
kinetics of PLA on crystallization of PBAT could be further explored, and proper 
morphology of PLA with controlled cooling could lead to even higher toughness 
of PLA-based blends. 

Table 3: Summarized results from the 2nd heating from DSC tests 

Sample 
Tg  

(°C) 
Tcc  

(°C)  
ΔHcc  

(J/g) 
Tm  

(°C) 
ΔHm  

(J/g) 
Diff. ΔHm 

(J/g)  

PLA 59.7 118.5 13.3 152.5 13.5 0.2 

PLA15PBAT10H 58.7 126.8 7.5 153.7 8.1 0.6 

PLA15PBAT5H 59.5 129.7 4.8 154.0 5.1 0.3 

PLA20PBAT5H 58.7 131.2 1.8 154.1 2.7 0.9 

 

Table 4: Summarized results from the cooling from DSC tests 

Sample 
Tg  

(°C) 
Tc-PLA  

(°C)  
ΔHc-PLA  

(J/g) 
Tc-PBAT  

(°C) 

PLA 54.6 - - - 

PLA15PBAT10H - 69.3 0.5 40.3 

PLA15PBAT5H - 70.2 0.2 44.1 

PLA20PBAT5H - 71.3 0.8 40.3 

 

3. 4 Impact properties 

Biocomposites with the highest PBAT content exhibited the highest impact and 
notched impact strength. With increasing PBAT content, the impact and 
notched impact strength increased. Higher toughness could be achieved due 
to good interfacial interaction between PLA, PBAT and hops. Higher notched 
impact strength could be achieved due to the plasticizing effect of PBAT, which 
prevented crack propagation. Despite the good compatibility of hops in 
PLA/PBAT blends, the proportion of 10 wt.% caused a drop in notched impact 
strength due to the absence of the plasticizing regions for crack propagation 
by the hops particles. The size of the hops particles were too large and allowed 
crack propagation through the particles. The results of the notched impact 
strength were also confirmed by the tensile tests and the dynamic mechanical 
tests. 
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Figure 5: Summarized results of toughness: impact strength (bars) and notched 

impact strength (line) 

4 CONCLUSION 

The effect of adding PBAT in two different amounts to PLA and adding hops in 
two different amounts on the toughness of biocomposites was investigated. In 
addition, the synergistic effect of the multifunctionalized epoxy polymer and 
TPU as compatibilizer was investigated and explored.  

The synergistic effect of multifunctionalized epoxy polymer and TPU 
copolymer as compatibilizer leads to new properties of PLA-based 
thermoplastic materials. The toughness was drastically increased, the 
composites remained biodegradable, and the processing temperature could be 
lower compared to neat PLA. An interesting correlation was described 
between the crystallization kinetics of PLA and the crystallization of PBAT. The 
biomass could be an effective additive for nucleation and at the same time a 
plasticizer for PLA-based thermoplastic composites. To avoid immiscibility of 
PLA and PBAT, the multifunctionalized epoxy polymer together with the 
compatibilizer TPU copolymer achieved excellent interfacial interaction 
between PLA and PBAT and at the same time enabled good compatibilization 
of biomass without any surface pretreatment of biomass. The research work 
described showed a huge improvement in toughness without the need to use 
other processes besides compounding all materials in one step. Toughness 
improvement is important in the packaging sector, especially for flexible 
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packaging. The second important point in the composite material described is 
the addition of biomass, which both changes the properties and lowers the 
price of the material. The lower price is often the most important factor in 
material selection.  

The correlation between the PLA crystallization kinetics and the crystallization 
of PBAT, as well as the effects on the toughness of the PLA/PBAT blends, should 
be investigated in further research. 
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Abstract: The present work proposes modification reactions such as 

oxypropylation of lignin hydroxyl groups to boost the hydrophobicity of the 

lignin polymer. Modified lignin/PLA composite with different weight 

percentage compositions were produced through a mixing and injection 

molding process. The produced composites mechanical (tensile, Young’s 

modulus), thermal (Glass transition temperature) and chemical (type of 

interaction and bonding between the lignin and PLA matrix) properties were 

examined. The weight percentage of modified lignin in the composites was 

optimized based on the resulting properties.  

Keywords: lignin, polylactic acid, oxypropylation, composites 

1 INTRODUCTION 

Globally, 42% of total polymer consumption goes for packaging applications. 
The number of polymers (poly lactic acid, polyethylene, polypropylene, etc) 
used in food packaging is noticeably high due to convenience over traditional 
glass and metal packaging. Among them, polylactic acid (PLA) is a biopolymer, 
widely used in plastic films, bottles and biodegradable medical devices (Huang 
et al., 2018). However, PLA has some limitations such as slow crystallization, 
poor thermal stability and high cost which render it unsuitable for food storage 
applications requiring long shelf life. We suggest that these limitations can be 
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overcome through incorporation of biopolymers like lignin. Lignin can be 
obtained as a low-cost byproduct from agricultural and forest biorefineries and 
contains several different functional groups (hydroxyl, carbonyl, and carboxyl 
groups). However, in this form lignin has some compatibility issues with PLA 
due to the polar functional groups present (Laurichesse & Avérous, 2014). 
Modification of these polar groups within lignin can significantly minimize 
compatibility issues with the PLA matrix and enhance mechanical and physico-
chemical properties of PLA without compromising biodegradability.  

2 MATERIAL AND METHODS 

2. 1 Lignin modification using Oxypropylation 

Kraft Lignin (5g) was first placed into a 250mL round bottom flask. Then, 30 g 
of propylene carbonate and 0.133 g of NaOH were added into the lignin and 
stirred using magnetic stirrer at 170 °C for 3 hours. After the reaction time, the 
product was recovered through precipitation using acidified water (pH=2) 
followed by filtration through cellulose membrane filters. 

2. 2 Analytical conditions 

Fourier transform infra-red (FTIR) spectra of unmodified kraft lignin (KL) and 
oxypropylated kraft lignin (OKL) were collected on a Bruker spectrometer in an 
absorbance mode using ATR method. Spectra were recorded in the range 
between 400 to 4000cm-1 at a resolution of 4cm-1 with the accumulation of 32 
scans. 

Thermal properties of KL and OKL samples were analyzed using Waters TA 
instrumentTM TGA 5500. The samples (5-10 mg) were tested in the temperature 
range from 40 °C to 800 °C with a heating rate of 10 °Cmin-1 under nitrogen 
atmosphere with flow rate of 25mLmin-1.  

2. 3 PLA/Lignin composite preparation 

PLA/lignin composites were produced through melt blending followed by 
injection molding. PLA/lignin and PLA/oxypropylated lignin were blended using 
Thermo scientificTM HAAKE TM PolyLab OS Torque Rheometer with the operating 
condition of temperature at 170 °C, rotation speed of 100 rpm and 8 min of 
mixing time. PLA with unmodified and oxypropylated lignin blends were 
produced at different weight percentages (1%, 5% and 10% of lignin). PLA 
polymer was used as a matrix and different weight percentage of lignin was 
added as a filler. The produced blends were pelletized using PULVERISETTE 
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25/19 cutting mill grinder with the pellets size of 4mm thickness followed by 
injection molded using Thermo scientific minijet pro with the condition of 
holding temperature at 180 °C and molding temperature at 80 °C (Figure 1). 

 
Figure 1: PLA/Oxypropylated lignin specimen at different weight percentages (1%, 5% 

and 10%) 

3 RESULT AND DISCUSSION  

The chemical and thermal degradation properties of KL and OKL were analyzed 
using FTIR and TGA analysis. Figure 2 shows the comparison spectra of 
unmodified lignin (Orange) with oxypropylated lignin (blue). In Figure 2, the 
region between 3600- 3200 cm-1 corresponds to the -OH stretching frequency. 
The addition of ether groups after the oxypropylation increased the band 
intensity at the region of 2980, 2850 and 1467 cm-1 which belong to the 
aliphatic -CH2 groups. The increase in intensities at 1210, 1080-1000 cm-1 
attributes to newly formed ether bonds. 

 
Figure 2: FTIR spectra of unmodified kraft lignin (KL) and oxypropylated kraft lignin 

(OKL) 
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Figure 3 illustrates the thermogravimetric analysis (TGA - plotted between 
temperature and % weight loss) and derivative thermogravimetric curve (DTG 
- plotted between temperature and derivative weight %). From the TGA graph 
in Figure 3a, the degradation of KL appeared to take place in the temperature 
range of 350 °C and the initial weight loss under 100 °C belonged to the 
moisture loss. On the other hand, OKL encountered the first degradation 
around 140 °C. From the DTG result (Figure 3b), the decomposition 
temperature of KL is found in the range of 370 °C whereas in the case of OKL, 
the decomposition temperature peaks appeared at 140 °C and 316 °C. The first 
decomposition temperature could be due to the weak bond cleavages (-C-O-C, 
-CH2 and -CH3) which were formed after the oxypropylation and the peak at 
316 °C corresponds to the breaking of aromatic structure of lignin 
macromolecule. The obtained results were consistent with the reported values 
in the literature (Lee et al., 2017). 

 
Figure 3: (a) TGA and (b) DTG curves of KL and OKL samples 

4 CONCLUSION  

FTIR, TGA and DTG analysis have confirmed that oxypropylation of the kraft 
lignin was successful. TGA and DTG results revealed that the decomposition 
temperature after modification were decreased due to the cleavage of added 
ether group at the aliphatic and aromatic -OH groups after oxypropylation. The 
unmodified and oxypropylated lignin were mixed with PLA using different 
weight percentages (1%, 5% and 10%) and the prepared composites 
mechanical and barrier properties are under investigation. The obtained 
results will be discussed during the presentation. 
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Abstract: Fibrous packaging materials have recently attracted even more 

attention, mainly due to new Single-Use Plastic (SUP) directive which 

announced a ban of six single-use plastic items; plastic grocery bags, straws, 

stir sticks, plastic cutlery, six-pack rings and food containers made from hard-

to-recycle plastics. One of the promising sustainable alternatives is fibrous 

packaging material but needs to be properly modified to sustain sufficient 

compression strength and moisture resistance. Using lignin bio-based 

formulation METNINTM SHIELD is one of the solutions, since improves strength 

and moisture resistance of the fibrous packaging material. 

Keywords: lignin, additive, fibrous packaging material, strength and moisture 

resistance 

1 INTRODUCTION 

The size of the global packaging market is estimated to USD 915 billion, out of 
which one third represent plastic (Metsa Board, 2021). Due to plastic pollution 
(Parker, 2019) and new SUP directive (Digitalpartner.si, 2021) forces us to 
search for alternatives which have to be rapidly developed and implemented 
in a safe and efficient manner. Fibrous packaging materials offer a promising 
sustainable alternative for many applications that currently use plastic-based 
solutions but need to be properly modified to sustain sufficient compression 
strength (ISO, 2008) and moisture resistance (ISO, 2014). Lignin is known as 
potentially valuable renewable raw material for the production of 
biodegradable and recyclable materials (Calvo Flores and Dobado, 2010), 
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which is another feature that need to be exploited for these purposes. In 
MetGen, lignin bio-based formulation METNINTM SHIELD was developed to 
achieve above mentioned goals. 

In the present work, SCT index and Cobb60 value were used for determination 
of strength and moisture resistance of coated and uncoated samples made of 
OCC fibers and different papermaking additives. 

2 MATERIALS AND METHODS 

OCC (“old corrugated cardboard”) fibers taken from produced OCC paper from 
ICP pilot paper machine were used for the first two experiments, while for the 
third experiment, OCC fibres, supplied by DS Smith were used. First the OCC 
fibers were disintegrated in a laboratory disintegrator for 30 000 revolutions in 
order to achieve the complete disintegration of the fibers. Commercial 
papermaking additives, sizing agent AKD (Melamin), retention aid Percol 
(Solenis), cationic starch Papiran SKM (Helios), filler CaCO3 (Calcit), dry strength 
resin Hercobond 2515 (Solenis), polymers Xelorex 1200 and Xelorex 1300 
(Solenis) as well as lignin bio-based formulation METNINTM SHIELD (MetGen) 
were added to OCC fibers to prepare 110 gsm or 155 gsm laboratory sheets on 
Rapid Köthen sheet forming machine. After that, the addition of different 
additives was evaluated with the SCT index (Short-Span Compression Test) 
according to ISO 9895:2008 and determination of water absorptiveness 
according to Cobb method (ISO 535:2014). 

3 RESULTS AND DISCUSSION 

In the first set of experiments, blank sample (BS) made of OCC fibers, 1,0% 
sizing agent AKD and 0,01–0,02% retention aid Percol was prepared and the 
influence of the addition of cationic starch Papiran SKM, filler CaCO3 and their 
combination as well as commercial dry strength resin Hercobond 2515 and 
polymers Xelorex 1200 and Xelorex 1300 was evaluated with the SCT index and 
Cobb60, which is clearly presented in Figure 1. It is well known, that fillers 
deteriorate mechanical properties of the paper, but usually 5–35% of fillers are 
added to the paper, depending on its final use. Paper, made of OCC fibers is 
often used for the production of linerboard where the addition of the filler is 
desired, mainly due to lower cost so for the experiment 16,0% of filler was 
added in the blank sample. 
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Figure 1: Influence of different additives on SCT index and Cobb60 value 

The addition of cationic starch in the blank sample increases the SCT index, 
reaching the maximum with addition of 2,0% of cationic starch (26,0 Nm/g). 
On the other hand, the addition of the filler decreases the SCT index, from 23,0 
Nm/g to 16,2 Nm/g, which increases again with the addition of cationic starch, 
but does not exceed the value of the blank sample. SCT index is comparable 
with the maximum value of the first set of the experiments when 3,0% of 
commercial polymer Xelorex 1300 and 1,0% of Hercobond is added to the 
blank sample. Additives, such as cationic starch, filler, dry strength resin and/or 
polymers do not have much effect on the Cobb60 value. Its value depends on 
the addition of the sizing agent which is added in the blank sample. 

In the second set of experiments, two different laboratory sheets with 40% 
dryness were prepared; first only from OCC fibers and second with the addition 
of 16,0% filler CaCO3 and 0,01% retention aid Percol, on which 6 gsm of lignin 
bio-based formulation METNINTM SHIELD was added using spray technique 
followed by one- or a two-stage drying process. One-stage drying process was 
performed in the drying section of Rapid Köthen machine at 92 °C for 7 min 
while the two-stage drying process was performed in the Rapid Köthen 
followed by final curing in the oven at 105 °C for 60 min. The influence of the 
filler and drying processes were evaluated with the SCT index and Cobb60 value. 
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Figure 2: Influence of METNIN lignin and drying process on SCT index and Cobb60 value 

Bio-based formulation METNINTM SHIELD greatly improves the initial values of 
SCT index and Cobb60 in both cases, using only OCC fibers and with the filler 
addition. The increasing of SCT index is in both cases approximately 50%. SCT 
index decreases with the addition of the filler but does not go under the initial 
value even of the blank sample without 16,0% of filler (23,0 Nm/g). A similar 
story is with water absorptiveness, where addition of METNINTM SHIELD 
decreases water hydrophilicity near to reference value range, while the 
samples with the filler or one-stage drying regime move values away from 
reference values. Addition of the filler increases the Cobb60 value from 
approximately 29,0 gsm up to 45,0 gsm when adding METNINTM SHIELD and 
using two-stage drying process and from 33,5 gsm up to 51,5 gsm when using 
one-stage drying process. If we compare commercial additives and use of lignin 
bio-based formulation METNINTM SHIELD on SCT index and Cobb60, we can 
conclude that using METNINTM SHIELD give us significantly better results. 

In the third set of experiments 155 gsm laboratory sheets with 40% dryness 
were prepared on Rapid Köthen sheet forming machine using DS Smith OCC 
fibers on which 4,8 gsm of lignin bio-based formulation METNINTM SHIELD was 
added using two-stage drying process. The influence of different relative 
humidity (50% and 90%) on SCT index and Cobb60 was evaluated, since one of 
the main tasks of the packaging is protection of the product from external 
influences (mechanical, biological, chemical, environmental and atmospheric), 
that also relative humidity represents. 
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Figure 3: SCT index and Cobb60 value vs relative humidity 

Cobb60 value of OCC fibers without the sizing agent is above 200 gsm. With 
addition of METNINTM SHIELD formulation, the water absorptiveness 
decreases, which is shown by lower Cobb60 value (from 200 gsm to 22,5 gsm). 
This value of the Cobb60 is similar as with the standard addition of commercial 
sizing agent AKD and is in the range of commercial usual paper products, 
intended also for coffee cup production. SCT index is increased by 23% when 
using METNINTM SHIELD formulation at 50% of relative humidity and by 47% at 
90% of relative humidity. SCT index is decreased in both samples (OCC fibers 
and OCC fibers with METNINTM SHIELD formulation) when putting the samples 
from 50% to 90% of relative humidity. The strength value of coated sheet 
measured at 90% RH corresponds to the strength value of uncoated sheet 
measured at 50% RH. 

4 CONCLUSIONS 

Bio-based lignin formulation METNINTM SHIELD improves moisture resistance 
of the paper which was shown by low water absorptiveness value. Such value 
is in the range of commercial sized material used for usual paper products. The 
results of compression strength showed improvement at 50% and 90% of 
relative humidity compared to uncoated laboratory sheets. Usual papermaking 
additives such as starches, dry strength agents and polymers improve 
compression strength by 15%, while bio-based lignin formulation METNINTM 
SHIELD improves compression strength for approximately 50%. Based on the 
result, we can conclude that METNINTM SHIELD formulation has shown great 
potential in the field of fibrous packaging material. 
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Further research will be focused on different ways of applying the METNINTM 
SHIELD formulation on paper, modification and optimization of coating 
formulations to achieve even better compression strength and moisture 
resistance of fibrous packaging material. Another challenge will be upscaling 
the laboratory results on industrial level. 
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Abstract: Due to the external stress and change in ambient temperature, the 

viscoelastic properties of the material play an important role in determining the 

use of the final product. The viscoelasticity varies depending on the intensity of 

relaxation phenomena and the modes of molecular segment displacements in 

the material structure. In the case of paper, the viscoelastic properties are 

strongly determined by the cellulose fibre network, crystallinities of cellulose, 

different modifications of cellulose and by the heterogeneous nature of its 

structure. In this study, chitosan was introduced into the softwood and 

hardwood pulp as an additive together with retention additives. The aim of the 

study was to investigate the effect of chitosan in two different concentrations 

(5% and 7.5%), on the viscoelastic properties of the paper. The analytical 

method such as dynamic mechanical analysis, supported by the tensile test, 

water absorption capacity, capillary rise and surface properties 

characterizations were carried out. The results showed that the reduced 

stiffness of the paper with chitosan was not proportional to the amount of the 

additive. The stiffness of the paper improved with increasing chitosan 

concentration (7.5%) but remained lower compared to the paper with retention 

additive. It was observed that the storage modulus of the paper composites 

increased with the addition of the retention additive, which could be attributed 

to the increase in retention additive in correlation with cellulose interactions. 

Since the dynamic mechanical analysis confirmed that the retention additive 

mailto:urska.vrabic@ntf.uni-lj.si
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increased the elastic stiffness of the paper, so it is more reasonable to use it as 

a reinforcing additive of the paper structure. In contrast, the elasticity of the 

paper was reduced with added chitosan regardless of its concentration, which 

is due to the sensitivity of chitosan to ambient moisture. The cellulose matrix 

was altered by chitosan, which was also confirmed by the moisture properties. 

As expected, sample with only pulp had the highest moisture content (10%), 

which decreased with the additives in the paper composition. Chitosan 

embedded the cellulose fibres and partially filled the pores of the papers, as 

demonstrated by scanning electron microscope. Therefore, the reduction of 

sizing and the conferring of hydrophobic character to the surfaces of the coated 

papers were observed. 

Keywords: polysaccharide; additive; material; dynamic mechanical analysis; 

surface properties. 

1 INTRODUCTION 

Interest in biodegradable polymers has been directed also to packaging 
materials, which were derived from renewable resources. Such polymer is also 
chitosan, which is already fabricated in many applications (Santos et al.,2020;). 
The linear macromolecules of cellulose form strong crystallites and weak non 
crystalline (amorphous) domains by means of hydrogen bonds formed 
between the side hydrogen atoms of one chain and the hydroxyl groups of the 
glucose units of the adjacent chain (Li et al., 2015; Lindh et al., 2016). On a 
structural level, paper can be regarded as a dense network of cellulose fibres, 
consisting of cellulose microfibrils embedded in a matrix of lignin and 
hemicellulose. Chitosan acts as an antibacterial agent and as a water barrier 
affects the water resistance of the paper (Abd El-Hack et al., 2020). It is poorly 
soluble in water, while it achieves its water resistance by combining its amino 
groups with the hydroxyl groups of cellulose, thereby forming strong hydrogen 
bonds that prevent water from binding to the cellulose molecule (Flores-
Hernández et al., 2018; Cazón et al., 2020). Paper with added chitosan can be 
used to produce packaging materials for the storage of a substance requiring 
protection against microbes and moisture (such as food). Modified cationic 
polyacrylamide (PAM), which was also used as a retention additive, is a 
polymer composed of acrylamide units. As an additive in paper, it is widely 
used to achieve the strength of the bond between cellulose fibers, which 
provides better paper support. In paper, it also functions as a plasticizer, as it 
allows other additives to bind to the cellulose fibers. It also absorbs water very 
well and polymerizes into a linear or branched structure. By changing the 
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ambient temperature, the viscoelastic properties of the material play an 
important role in determining the use of the final product. The viscoelasticity 
depends on the intensity of relaxation phenomena and the modes of molecular 
segment shifts in the material structure. In the case of paper, the viscoelastic 
properties are strongly determined by the different modifications and 
crystallinities of the cellulose and by the heterogeneous structure. The 
production of improved paper with enhanced tensile properties using 
biodegradable macromolecules is quite limited. Therefore, the primary 
objective of this research was to determine the influence of different paper 
fillers, i.e. retention filler, chitosan, along with two concentrations, on the 
temperature dependent relaxation transitions as well as the viscoelastic 
properties of the paper. 

2 MATERIALS AND METHODS 

2. 1 Materials 

The softwood pulp was delivered by SCA (Sweden) and is bleached sulphate 
kraft cellulose from pine and spruce trees. The hardwood pulp was delivered 
by Svilosa AD (Bulgaria) and is bleached hardwood kraft pulp from beech trees. 
The kraft pulp is placed on the market under the registered trade mark 
SVILOCELL®. Chitosan, with the molecular weight lower than 20 kDa and 
deacetylation degree higher than 85%, was purchased from Sigma Aldrich 
(Austria). Acetic acid (99%) was purchased from Sigma Aldrich (Austria). 
Modified cationic polyacrylamide was delivered by Kemira (Finland) and is with 
molecular weight of 11.106 g/mol, charge density of 1,05 meq/g, viscosity 
(Brookfield) 700 cP(0,5%,25ºC) and conductivity 66,6 µS(0,5%).  

2. 2 Methods 

Preparation of the pulp 

In our research two types of kraft pulp – softwood and hardwood were used. 
They were refined by laboratory Jokro mill method with six refining units, 
according to the standard ISO 5264-3:21979. The refining concentration in 
each unit was 6% (16g o.d.f in 267ml water). The two celluloses were refined 
separately.  

Preparation of pulp suspensions and preparation of paper sheets 

Four combinations of paper suspensions were prepared by using chitosan 
(Fluka, Sigma Aldrich, Germany) and retention additive polyacrylamide (Merck, 
Germany). The raw material consisted 50% of softwood (pine and spruce) and 
50% of hardwood (beech) cellulose pulp. Both, 5% and 7.5% chitosan solutions 
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were prepared by dissolving chitosan in acetic acid at 85 °C at 10min mixing 
and then cooled to room temperature. Paper suspensions were obtained as 
follows: 23.5g o.d.f. cellulose pulp were stirred in tap water (2000 ml), then the 
chitosan were added and mixed followed by the retention additive. All paper 
samples were prepared on paper laboratory machine (Rapid-Kothen, 
Germany) acc. ISO 5269-2:2005, with a grammage of 80g/m2, with drying 
conditions of 96 °C and duration of 7 minutes. The obtained paper suspensions 
were as presented in Table 1. 

Table 1: Paper sheets with included additives 

Sample Paper additives and componets 

P Only pulp 

PR Pulp and 0.05% retention additive 

5% CH Pulp, 5% chitosan, 0.05% retention additive 

7.5% CH Pulp, 7.5% chitosan, 0.05% retention additive 

 

Grammage, density, specific surface, thickness 

Grammage of all paper samples was determined in accordance with the ISO 
536 standard. Density and specific surface volume were calculated form 
grammage and thickness, as described in the standard method ISO 534 (Table 
2). 

Table 2: Basic properties (grammage, thickness, specific surface and density) of all 
paper samples. 

Properties 
Samples 

P PR 5% CH 7.5% CH 

Grammage (g/m2) 80 80 80 80 

Thickness (mm) 0.085 0.094 0.092 0.094 

Specific surface (m3/g) 0.0012 0.0012 0.0012 0.0013 

Density (g/m3) 952.40 842.12 879.13 842.12 

 

Dynamic mechanical analysis 

Dynamic mechanical analysis (DMA) was performed on a TA instrument (DMA 
Q800, TA Instruments, USA) with a controlled gas-cooling accessory.  

Samples with chitosan (regardless of its concetrantion), similar to the paper 
with retention filler (sample PR), also showed two temperature relaxation area 
with the increased transition temperatures. These were: 20.07 °C and 22.21 °C 
at 5% and 7.5% of added chitosan, respectively in first relaxation transition and 
171.30 °C and 179.15 °C at 5% and 7.5% of added chitosan, in the second 
relaxation area, respectively (Fig.1 (a-c)).    
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Figure 1: Dynamic mechanical properties of paper with added chitosan a) storage 

modulus (E'), b) loss modulus (E’’) and c) tangens delta (Tg ) versus temperature at 

10 Hz of oscillation 

Tensile test 

Tensile strength (TS) and elongation at break (E) of papers were determined on 
a tensile testing machine Instron 6022 (Instron, USA) at standard atmosphere 
at 23 °C and 50% of relative humidity.  

Paper with blends of fillers achieved higher tensile strength but lower 
elongations, compare to paper sheets where only chitosan was added (Table 
3). The positively charged chitosan was introduced between negatively 
charged cellulose fibres, therefore the decrease in Young’s modulus has also 
been detected. 

Table 3: Tensile properties of paper samples 

Sample Tensile strength (MPa) Elongation at break (%) 

P 54.05 2.41 

PR 54.70 2.36 

5% CH 57.80 2.38 

7.5% CH 59.32 2.30 
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Moisture content, water absorptivness (Cobb value) and capillary rise (Klemm 

method) 

Five samples of each paper were tested for moisture content in accordance 
with ISO 287. Water absorption capacity (the Cobb60 value, g/m2) was 
determined as described in the standard method ISO 535 and capilary rise was 
determined as described in ISO 8787. 

From Table 4, the sample with only pulp (sample P) had the highest moisture 
content (10.2 %), which decreased with the additives in the paper composition. 
The same trend was observed in water absorptivness and capillary rise. Sample 
P exhibited the most hydrophilic character due to open pores and voids, which 
was also confirmed by the analysis of SEM (Figure 2). As previously observed, 
chitosan embedded the cellulose fibres and partially filled the pores of the 
papers, especially for samples with 5 and 7.5% chitosan. Therefore, a reduction 
in sizing and a hydrophobic nature of the surfaces of the coated papers were 
observed. 

Table 4: Moisture content, water absorptivness (Cobb value) and capillary rise 
(Klemm) of analysed samples 

Sample Moisture content (%) Cobb60 value (g/m2) Capilary rise (mm) 

P 10.2 30.10 46 

PR 9.8 28.91 39 

5% CH 7.1 27.71 16 

7.5% CH 6.9 20.35 11 

 
Scanning electron microscope analysis (SEM) 

The SEM micrographs of paper surfaces were taken with a scanning electron 
microscope (JSM-6060 LV, Japan) and the instrument was operated at 10 kV 
accelartion andat 500x magnification. 

  
a) b) 
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c) d) 

Figure 2: SEM micrographs of paper samples, at 500x magnification: a) Sample P, b) 

Sample PR, c) Sample 5% CH, d) Sample 7.5% CH 

3 CONCLUSION 

Regarding the elasticity of the paper, the dynamic mechanical analysis 
confirmed that the retention filler increased the elastic stiffness of the paper, 
so it is more reasonable to use it as a reinforcing additive of the paper 
structure. The retention additive increased the elasticity and significantly 
decreased the relaxation transition temperature of the paper, so the range 
between 0 °C and 50 °C is not suitable for major mechanical deformation of the 
paper. Chitosan increased the relaxation transition temperature and 
decreased the elasticity of the paper with retention additive. Reduction of 
sizing and increase of hydrophobicity of coated papers were demonstrated. 
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Abstract: In this fast growing World the plastics have managed to made its 

huge impact on human life by being a major source of our daily needs. Due to 

which it has also given rise to environmental hazards by being an issue of 

biodegradablity.The number of steps has already been taken to control the use 

of plastics but to purge the use of the non-biodegradable plastics our main 

focus is on making it environment friendly. Some plastics such as bubble wrap 

which are basically used to provide protection to delicate and fragile objects 

are filled with polyethylene and needs an industrial composting and takes 

hundreds of years to degrade as a result it occupies a considerable amount of 

space within the landfills making it challenging for the environment to deal. So 

the basic idea is to make a compostable and biodegradable bubble wrap from 

cellulose extracted from barks of trees (cellulose being an abundant polymer of 

nature). The cellulose plastic or bioplastic's byproduct can also be used as fuels 

and feedstock in production of other chemicals because of mechanical 

properties of cellulose this cellulose bubble wrap can be flexible, bio-renewable, 

decomposable, temperature resistance, chemically versatile and will 

coordinate with the nature's loop because of the properties that cellulose holds. 

It is quite an innovative and cost-effective approach for making a bioplastic 

bubble wrap which can easily be decomposed along with the green wastes into 

the soil.The wrap will excatly mimic the plastic bubble wrap in terms of 

providing protection , lightweight and cost-effective. It will be designed in such 

a way that in today's fast moving world the industries can produce a definite 

amount of wraps and will also provide benifits to the customers and retailers. 

Keywords: bubble wrap, cellulose, compostable, biodegradable  
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Abstract: Natural biopolymers such as chitosan and starch have demonstrated 

a huge potential in important and rapidly growing packaging applications. 

However, it is always challenging to create advanced biopolymer materials 

with enhanced physico-chemical and mechanical properties. In this study 

chitosan/starch-based samples were prepared by traditional solution method 

and via thermomechanical processing with the aim to obtain environmentally 

friendly materials for packaging. Different contents and types of polymers were 

incorporated into the compositions to obtain the material and to improve the 

physico-chemical and mechanical properties. Packaging materials should 

maintain moisture levels within the packaged product. Therefore, the moisture 

content, swelling degree and total soluble matter of the chitosan/starch-based 

samples were investigated in this study. It is well known that the natural 

polymers are typically highly hydrophilic and packaging produced with them 

can absorb water. Accordingly water contact angle was measured, which 

decreases when surface hydrophilicity is higher. To understand the effect of the 

ingredients on the wettability, contact angles were investigated for 

chitosan/starch-based samples. Moreover the physicochemical properties were 

investigated along with the mechanical properties to determine their potential 

uses for packaging applications. 

Keywords: biopolymers; starch; chitosan; packaging 
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1 MATERIALS AND METHODS 

1. 1 Materials 

Chitosan 20-300 cps (MW=50-190.000, DD≥ 90%) was purchased from Sigma 
Aldrich, chitosan 30-100 cps (MW = 250.000, DD ≥ 90%) and chitosan 100-300 
cps (MW = 890.000, DD ≥ 90%) were purchased from Glentham Life Sciences 
Ltd. ThreeTCI. Native potato starch (Przedsiębiorstwo Prze-mysłu 
Ziemniaczanego “Trzemeszno” Sp. z o. o.), native tapioca starch (Naturmind), 
glycerol (Eurochem BGS Sp. z o.o.), acetic acid 20% solution, lactic acid (purity> 
85%; density: 1,206 g mL-1; Sigma Aldrich), chestnut extract (tannin Sevnica). 
Three types of lignin were used (dealkaline L0045 from Tokyo Chemical 
Industry, and Kraft (sulfate) ones: Lineo Classic and Lineo Classic W from Stora 
Enso). Three different poly(vinyl alcohol), PVA were used (Elvanol 71-30 
(viscosity 27.0 – 33.0 mPa.s, Mw ~100,000 fully hydrolyzed) was provided by 
Kuraray Europe GmbH, Mowiol 20-98 (viscosity 18.5-21.5 mPa.s, Mw 
~125,000, 98.0-98.8 mol% hydrolysis) purchased from Merck and Mowiol 8-88 
– (viscosity 7-9 mPa.s, Mw ~67,000, 86.7-88.7 mol% hydrolysis) were also 
purchased from Merck. 

1. 2 Sample preparation 

1. 2. 1 Chitosan solutions 

All formulations were prepared by adding a specified amount of chitosan to 
the solution of water with glycerol and lactic acid by constant stirring (300 rpm; 
24 h, room temperature) on a RCT magnetic stirrer (IKA, Staufen, Germany). 
After that a specified amount of the chestnut extract was added and the whole 
solution was homogenized (6000 rpm; 5 min; Ultra-Turrax T50 IKA). The 
obtained solutions were left overnight to get rid of the air bubbles formed 
during this process. 

1. 2. 2 Starch solutions 

All formulations were prepared by adding a specified amount of starch (table 

2) to the solution of water with glycerol by constant stirring (300 rpm; 85 C) 
on a water bath shaker (Julabo SW22, Germany). After that the solutions was 
homogenized (6000 rpm; 5 min; Ultra-Turrax T50 IKA). The obtained solutions 
were left overnight to get rid of the air bubbles formed during this process. 

1. 2. 3 Chitosan/starch-based samples obtained via casting method 

All formulations were prepared by mixing a specific amount of chitosan 
solution (1.2) and starch solution (1.3) according to the amounts in Table 3 and 
Table 4. The solutions were then homogenized (6000 rpm; 5 min; Ultra-Turrax 
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T50 IKA). The obtained solutions were left overnight to get rid of air bubbles 
formed during this process. 

1. 2. 4 Chitosan/starch-based samples obtained via thermomechanical 

processing 

The appropriate amount of glycerol was incorporated in the chitosan powder 
and manually mixed. Then, an adequate amount of acetic acid aqueous 
solution (20 wt.%) was added to the chitosan/glycerol mixture to obtain a paste 
with final chitosan concentration of 30 wt.%. Then starch, lignin and PVA were 
introduced. The mixtures were then mechanically blended in a HaakePoly-Lab 
QC Reomix 600 internal batch mixer at 80 °C for 4 min, with a rotor speed of 
40 rpm. Finally, the resulting materials were firstly hot-pressed at 110 °C, 250 
bar pressure for 7 min and immediately cooled at room temperature, in the 
press, for 2 min. 

 
Figure 1: Chitosan/starch-based composites obtained by traditional solution method 

 
Figure 2: Chitosan/starch-based composites obtained via thermomechanical 

processing 
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Abstract: Due to the high lignocellulose content, as well as the high content of 

phenolic compounds, agro-industrial vegetable waste is well suited for 

valorization in packaging materials. As specialized packing materials, these 

materials may offer competitive advantages to paper producers, utilizing a low 

cost feedstock to produce a bespoke product of good quality. In our 

contribution, we focus on the production residues of various plant streams (e.g. 

growing and processing of onions, olives and pomegranates), to demonstrate 

how such diverse agro-industrial bio-waste materials could be fully exploited 

even before their reformulation. Onion skins and olive leaves both showed high 

antioxidant activity and the possibility to recover relatively high yields of 

bioactive compounds (roughly 100 mg of quercetin or oleuropein per g of dry 

extract). However, in pomegranate peel, the content of the antocyanins 

(roughly 0.3 mg of antocyanins per g of dry extract) was low. All three plant 

residues sources produced unique paper materials. Olive skins and olive leaves 

were used as two individual feedstocks, whereas the pomegranate peel was 

required to be added to cellulose. The resulting papers exhibited good 

technological properties, as well as interesting texture and appearance and 

might as such be suited for the production of special papers. The determined 

characteristics of the samples demonstrate a good potential for cascading use 
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where paper production should be further studied following the extraction of 

bioactive components. 

Keywords: crop residues, vegetable residues, bioactive compounds, paper 

production 

1 INTRODUCTION 

Accumulation of agro-industrial residues is an enormous untapped resource, 
and is tied to several negative aspects when left unexploited, such as 
unnecessary production of biomass, high costs of waste management, 
environmental issues such as eutrophication and greenhouse gas emission and 
several interlocking social aspects. In 2018, the European Union generated 85.4 
million tons of bio-waste from agriculture and food production (excluding 
animal feces, urine and manure), which amounted to 3% of all waste produced. 
The predominant treatment of this waste included recycling (93%, including 
composting and anaerobic digestion) and energy recovery (5%) (EUROSTAT, 
2021). These waste-management treatments are more efficient and 
environmentally sound than landfill and incineration. However, such diverse 
agro-industrial bio-waste material should be fully exploited before its 
biodegradation and/or conversion to energy, as these final operations can 
destroy many valuable components. 

Agro-industrial waste of plant origin is typically particularly rich in bioactive 
compounds and lignocellulose content. The bioactive contents of agro-
industrial residues, and especially the phenolic compounds in fruit and 
vegetable waste, are gaining attention in the food industry. As it has been 
extensively demonstrated by our research group (e.g. Terpinc et al., 2012; 
Abram et al., 2015; Cifà et al., 2018; Osojnik Črnivec et al., 2021), these parts 
can be used as a natural, cheap and easily accessible source of antioxidants for 
food fortification. 

Furthermore, the long term growth of the packaging industry is driven by the 
development of high-performance renewable materials. Recent consumer 
market trends in Europe have shifted toward sustainable packaging solutions 
(i.e. packaging made from recyclables, re-usable packaging, reducing material 
use through lightweighting, and bio-based polymers) (Parker, 2008). 
Environmental policies encourage the creation of natural fiber-based products 
as well as the reuse of as much material as possible (Kozlowski & Mackiewitz 
Talarczyk, 2020). Developing packaging materials from renewable and bio-
based sources has become critical, not only to address and prudently valorize 
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waste disposal issues, but also to reduce stubble burning and save timber 
resources. Valorization and conversion of renewable agro-waste to 
biodegradable composites has proven to be a significant breakthrough in the 
packaging area (Bhardwaj et al., 2020). 

In the present study we aim to demonstrate further possibilities for the 
utilization of fibrous components in widely abundant plant residues rich in 
bioactives and lignocellulose (onion skins, pomegranate peels, olive leaves) 
and examine aspects that would enable their cascading use (i.e. exploitation of 
extracts for food or other use in the first stage, followed by reformulation into 
novel materials). 

2 MATERIALS AND METHODS 

2. 1 Residues form plant production 

Onion skin (i.e. the onion (Allium cepa L. var. cepa) outer tunic layer of the 
yellow onion variety without any of the dry scape, leaves, the reduced stem 
and roots) was obtained as air-dried commercial waste from onion farming 
from the Celje region in Slovenia. Pomegranate fruits (Punica granatum L.) of 
various varieties were obtained from local farms in the Slovenian Istria. The 
fruits were manually peeled and the peel was further freeze dried and stored 

at -20 C until further use. Olive leaves (i.e. the olive (Olea europaea L.) leaves 
and stem clippings of the variety “Istrska belica”) were collected from the 
orchard Školarice from Slovenian Istria. The olive leaves were air‐dried at 25 °C 
for 7 days. 

2. 2 Chemical and physical analysis of the samples 

Cellulose, holocellulose and hemicellulose contents were determined 
extraction of the samples in hexane and ethanol and by quantification of the 
remaining material. Acid - insoluble lignin (Klason's lignin) content was 
determined by hydrolyzing and dissolving the carbohydrates from the sample 
with sulfur acid and by filtration, drying and quantification of the remaining 
insolubilized lignin. Three- step extraction in 70% ethanol was performed as an 
analytical extraction for HPLC analysis, as well as a commercially feasible 
approach for the recovery of bioactives (Cifà et al., 2018; Osojnik Črnivec et al., 
2021). 
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2. 3 Determination of bioactive substances 

Antioxidant capacity of the plant residues was determined with the DPPH• 
antioxidant assay (Brand-Williams et al., 1995). The antioxidant capacity was 
expressed in mass equivalents of Trolox (TE). 

High performance liquid chromatography (HPLC; Infinity 1260; Agilent 
Technologies) was used to analyze the content of model bioactive compounds 
or compound groups in each of the plant sources. The analyzed bioactives 
(onion skin – quercetin, pomegranate peel - anthocyanins, olive leaves – 
oleuropein) were selected on the basis of their predominant activity and/or 
content. The analytical extracts were passed through a C18 precolumn (Eclipse 
XBD; 4.6 × 12.5 mm, I.D. 5 μm) and a C18 column (Zorbax Eclipse Plus; 
4.6 × 150 mm, I.D. 3.5 μm) (both from Agilent Technologies). The components 
were separated with gradient elution with analyte-specific mobile phases and 
determined on a UV–Vis diode array detector (quercetin was monitored at 
370 nm, anthocyanins at 520 nm, and oleuropein at 280 nm). 

2. 4 Papermaking and determination of its optical and mechanical properties 

The fibers were isolated from rough biomass in the delignification process 
(removal of the lignin that is binding the fibers together) carried out in a 5 L 
rotation autoclave digester (Universal Engineering Corporation, India) at 
working conditions (time, temperature, addition of NaOH and Na2S, 
liquid/solid ratio) which were fine-tuned to each biomass. 

The delignified biomass was further disintegrated in a laboratory disintegrator, 
when required, and then screened by the Sommerville (Universal Engineering 
Corporation, India) laboratory fractionator using a sieve with 45 mm x 0.15 mm 
slots. The obtained fibers were characterized for their morphological and 
technological papermaking properties (grammage (ISO 536), thickness (ISO 
534), tensile properties (ISO 1924–2), tearing resistance (ISO 1974), bursting 
strength (ISO 2758), roughness according to Bendtsen (ISO 8791–2), ISO 
whiteness (ISO 2470–1) and opacity (ISO 2471)). Morphological properties such 
as fiber length, width and cell wall thickness were also determined in fiber 
suspension with a fiber analyzer (Valmet Automation Inc., Finland). 

Finally, paper sheets were prepared on a Rapid-Köthen sheet forming machine 
(PTI, Austria). 
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3 RESULTS AND DISCUSSION 

The initial plant production residues were characterized for their fibrous and 
bioactive content, and the amount of material that might be removed during 
the extraction step of bioactive was determined, as well (Table 1). The plant 
material that was selected for selected for our study was based on the 
availability of the material, as well as the initial content of bioactive 
compounds. For example, we have previously demonstrated that in the waste 
fraction of yellow onion the quercetin content and antioxidant capacity were 
50-60% lower in comparison to red onion and red shallots (Osojnik Črnivec et 
al., 2021). However, as the yellow onion and still contains considerably high 
amounts of bioactives (allowing the retrieval of 200 mg of quercetin per kg of 
dry produce) and is the main type of onion on the market and in processing, 
we identify its skin residue as the most promising fraction for re-use. Similarly, 
content of bioactive compounds is shown in Table 1 which was high for onion 
skin, onion leaves and low for pomegranate peel, ultimately enabling the 
recovery of 100 mg quercetin, 80 mg of oleuropein and 0.3 mg anthocyanins, 
respectively, per g DM of the corresponding extract. 

Antioxidant capacity was determined by the DPPH• assay which provides more 
robust values, as compared to other antioxidant assays, and might therefore 
be more suited for bulk biomass comparisons and designing potential 
applications (Miklavčič Višnjevec et al., 2017; Osojnik Črnivec et al., 2021;). The 
antioxidant capacity reflected the amount of the analyzed compounds and was 
high for onion skins and olive leaves and several orders of magnitude lower for 
pomegranate peels. 

Table 1: Fibrous and bioactive components and antioxidant capacity of the samples. 

Group Parameter 

Samples 

Onion 
skins 

Olive 
leaves 

Pomegranate 
peels 

Fibrous content 

Cellulose (% DM) 36.4 14.4 11.0 

Hemicellulose (% DM) 33.1 37.1 11.6 

Lignin (% DM) 3.5 19.6 12.2 

Extractives 
In 70% ethanol (% 

DM) 
9.06 46.5 68.2 

Bioactive content 

Quercetin (mg/g DM) 10.03 ±0.29 n.d. n.d. 

Oleuropein (mg/g DM) n.d. 37.2 ±0.1 n.d. 

Anthocyanins (mg/g 
DM) 

n.d. n.d. 
0.1685 

±0.0001 

Antioxidant 
capacity 

DPPH• assay 
(mg TE/g DM) 

19.78 ±0.17 212 ±2.0 
0.0116 

±0.0041 

DM – dry matter, data are means ±SD, n.d. – not determined, TE – Trolox equivalent 
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Within the parameters that are relevant for paper production, onion skin had 
the highest amount of cellulose and the lowest amount of the lignin compared 
to olive leaves and pomegranate peels. Amongst these materials, onion skin 
ranks among the potential alternative raw material for papermaking, and may 
even not require delignification. 

Furthermore, taking in account the possible step bioactive compound 
recovery, relatively a small fraction (less than 10%) was removed by extraction 
of onion skins in 70% ethanol, while still providing a quercetin/ antioxidant rich 
extract. In the other cases, half (olive leaves) or even more than three thirds 
(pomegranate peel) of the dry matter could be removed by the extraction 
procedure. Nevertheless, for the purpose of paper making, all of these streams 
could actually benefit from the extraction in aqueous ethanol solvents, as they 
would increase the overall content of the remaining structural compounds. 

Although it can be expected that by removing extractable components the 
technological properties of the paper might improve (e.g. in the best case 
increasing the cellulose content of the onion skins to >50%, pomegranate peels 
to >35% and olive leaves to >25%) it is important to study and/or modify the 
extraction procedure to prevent dissolution of cellulose during the same 
process. 

The mechanical and optical characteristics of the isolated fibers (Table 2) are 
similar (length-weighted values), with pomegranate peels exhibiting the widest 
fibers and most pronounced fibrillation. The curl was most expressed by fibers 
from the onion skin. Overall, the fibers are short, when compared to deciduous 
and coniferous trees and the biggest resemblance to deciduous trees are 
exhibited by olive leaves. 

Table 2: Mechanical and optical characteristics 

Parameter 

Samples 

Onion 
skins 

Olive 
leaves 

Pomegranate 
peels 

Fibre width (µm) 32.36 31.93 39.82 

Curl (%) 11.34 8.58 9.91 

Fibrillation (%) 2.09 3.52 4.45 

Lc(l) ISO (µm) 261 583 112 

Fibre width Curl and fibre length (Lc(Lc(l) ISO) are given as length-weighted values. Fibrillation is 
given as a percentage of the projection area of fibrils in relation to projection area of the entire 
object. 

Paper sheets were prepared to simulate the industrial process of paper 
production (Table 3). Onion skin had the highest proportion of cellulose (>30%) 
amongst all samples, benefiting the preparation and the quality of the paper. 
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Despite a decrease of the morphological properties, which may require an 
optimization of delignification, the resulting paper exhibited good mechanical 
properties. Olive leaves and pomegranate peels had slightly worse results to 
onion skin, which are reflected in the content of cellulose. Pomegranate peels 
required addition of cellulose, where pomegranate impaired mechanical 
properties (tension, tensile strength and bursting strength), reduced 
whiteness, and increases opacity and roughness, and provided an interesting 
texture. 

Table 3: Optical and mechanical properties of paper 

Parameter Samples 

 
Onion  
skins 

(100%) 

Olive 
leaves 
(100%) 

Pomegranate 
peels/ cellulose 

(15/ 85%) 

Cellulose 
(100%) 

Grammage (g/m2) 67.9 37.4 63.6 65.0 

Thickness (um) 115 144 161 116 

Tensile index (Nm/g) 39.3 9.9 41.4 53.3 

Breaking length (km) 4.010 1.009 4.222 5.334 

Bendtsen roughness (ml/min) 518 1991 1677 342 

ISO whiteness (%) 14.5 18.6 41.4 77.0 

Opacity (%) 99.7 94.4 96.8 86.6 

Tear index (mNm2/g) 2.09 2.80 7.35 7.85 

Burst index (KNm/g) 1.75 1.02 2.65 3.48 

Cellulose composition (80% eucalyptus, 20% conifers, ground to 30 SR) 

4 CONCLUSIONS  

In our contribution we demonstrate paper production from plant production 
residues and indicate further pathways for prior recovery of bioactives from 
these biomass streams, as reformulation into paper can destroy many valuable 
components. Our initial characterization also indicates, that for the 
development of cascading use of these residues, a feasible compromise 
between partial dissolution of cellulose (by ethanol-water mixtures) and 
recovery of bioactive compounds has yet to be identified. 

The obtained papers show that compared to 100% cellulose alternative 
sources like our samples can be used through some optimization to obtain 
good quality paper. The use of plant residues or addition of plant residues to 
cellulose also produced interesting and attractive colors and textures, 
providing characteristics that can improve the appearance and feel, which are 
particularly valuable for special papers. 
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Abstract: Industrial hemp (Cannabis sativa L.) is an annual crop that requires 

relatively low inputs for cultivation and easily adapts to sustainable farming 

systems. The hemp plant is quite versatile and the resulting constituents can be 

used various purposes. Fibers and shives are best positioned for use in the 

composite related industries, because both offer distinct characteristics. 

Development of fungal-based composite materials from hemp shives would 

provide a new way for their valorization. Additionally, using shives for fungal-

based bio-materials would be advantageous as they require lower energy 

during production, are biodegradable, and do not need added chemicals. The 

study’s objective was to investigate a suitable hemp substrate for producing 

bio-composites, suitable for packaging material. Specifically, the study 

evaluated two white rot fungi (Ganoderma Lucidum and Trametes Versicolor) 

and the influence of hemp shive size, fungal culture media types, and 

inoculation methods. During the research, inoculation of the fungi on hemp was 

performed by transferring fungal material grown on solid medium and 

mycelium growth rate was evaluated. Substrate inoculation was divided into 

two stages. In the first stage, hemp shives were inoculated with fungi and in 

the second stage, after a certain time of fungal overgrowth, the substrate was 

mixed to evenly spread the overgrowth throughout the volume. Fungal 

overgrowth in both phases took place at 26 °C and a high relative humidity. The 

results of the study indicated that the growth rate is significantly influenced by 

the chemical composition of lignin and pH value of the substrate, with a pH 

value of 5 as the best condition for both types of fungi. A one week first stage, 

followed by a two-week second stage procedure resulted in a suitable hemp-

fungi biomaterial growth. Additionally, the correct substrate preparation 

resulted in optimal fungi growth and higher yields of biocomposite material. 
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Abstract: Nowadays research is focused on searching materials from natural 

resources to decrease the amount of plastic waste. Using bio-based materials 

is one of the options for replacing the currently used polyethylene film plastic 

packaging. Paper is a natural material thus appropriate for replacing plastic 

packaging. In Europe, more than 40% of paper and board are already used for 

packaging. Currently, research in paper industry is focused to improve surface 

properties, especially barrier properties, such as oil and grease resistance, 

water vapour permeability and oil migration. Regular coated papers do not 

provide sufficient barrier properties. Nanocrystalline cellulose (CNC) is a natural 

material used in different fields and could also be used as an additive in 

coatings in paper industry.  

The main research was focused on the replacement of synthetic polymer with 

bio-based material. Here, we present an option of using the CNC in paper 

coatings to improve barrier properties, such as oil absorption (Cobb Unger), 

grease resistance (KIT test), water vapour transmission rate (WVTR) at different 

test conditions as well as heptane vapour transmission rate (HVTR). Coatings 

of polyvinyl alcohol (PVA) with different addition of CNC (0%, 1%, 3% and 5%) 

were prepared. These coatings were characterized and applied on two different 

basic papers. The barrier properties were measured and results show, that CNC 

in PVA coatings applied on the paper surface improved barrier properties. 

Therefore, the utilization of CNC would expand the usability of such paper in 

different applications where high barrier properties are needed. 

Keywords: nanocrystalline cellulose, paper, coating, barrier properties 
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1 INTRODUCTION 

Nowadays research is focused on preserving the environment and to decrease 
the amount of plastic waste. The large part of waste presents the packaging 
from various polyolefin-based polymers used in transport or packaging for 
different foods. The trend is to reduce waste, and to use more environmentally 
friendly materials instead of synthetic polymers. One of the options is to use 
natural materials, such as paper or paperboard, made of cellulose fibers and 
its surface treated with various synthetic or natural polymers.  

Paper is an excellent material for different uses, such as packaging, printing, 
writing, etc., because of its good mechanical properties, small masses, 
biodegradability, and recyclability. In Europe, more than 40% of paper and 
paperboard are used for packaging. 50% of packaging is used for various food 
products; (i) dry products (tea, coffee, sugar, flour, cereals, baked products, 
etc.), (ii) frozen or heated food, ice-cream, (iii) drinks (milk, milk products, and 
juices), (iv) sugar products and chocolate, (v) fast food and (vi) fresh products 
(fruits, vegetables, meat, and fish). For all these products we can use a paper 
bag, wrapping paper, multilayer paper bag, or cardboard (Kapun et al., 2019).  

Currently, research in the paper industry is dedicated to improve surface 
properties, especially barrier properties, such as grease resistance (KIT test), 
absorption oil (Cobb Unger), and water vapour permeability (WVTR). Regular 
coated papers do not provide sufficient barrier properties and for that reason, 
the research is a focused on finding materials for coatings with improved 
barrier properties and to replace polyethylene film. One of the options is the 
addition of the nanocellulose obtained from natural cellulose. By definition, 
nanocellulose has at least one dimension less than 100 nanometers in size, 
either diameter or length. Nanocellulose has good mechanical properties, low 
density, it is biodegradable and biocompatible biomaterial (Kargarzadeh et al., 
2018). Due to its excellent properties, research on different areas of 
application has increased exponentially since 2000. It is used in composite 
material, nonwovens, cosmetics, food products, and in the paper industry 
where it can be used as filler or as an additive in coatings. Basically, there are 
three types of nanocellulose; nanofibrillated cellulose (NFC), bacterial 
nanocellulose (BNC), and nanocrystalline cellulose (CNC). The size and shape 
of the CNC are depended on the extraction process obtained from cellulose. 
The usually rod-shaped CNC has a diameter of 3-10 nm and length between 
100 nm and 500 nm (Kargarzadeh et al., 2018). Company Navitas is the only 
producer of CNC in Slovenia. Its CNC is in a water suspension form, conc. 6-10 
% (wt), and the particles have 10-15 nm in diameter and with length of 150-
300 nm (Navitas).  
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CNC has a great potential in paper coatings as an additive or as a substitute for 
a synthetic binder (Hubbe et al. 2017, Lang et al. 2016, Juhant Grkman et al. 
2016), due to its specific properties, such as high specific surface and good 
mechanical properties. The main benefit of the addition of CNC to paper 
coatings is the improved barrier properties.  

Hubbe et al. (Hubbe et al., 2017) have used different types of nanocellulose in 
paper coatings utilizing different coating techniques. Results of their research 
are presented in table 1. Lang et al. added different amounts of CNC (up to 
0.4%) in alkyl ketene dimer (AKD) emulsion and applied such emulsion on the 
paper surface. This way they improved mechanical properties, barrier 
properties (Lang et al.) and decreased oxygen permeability. Juhant Grkman et 
al. decreased the oil absorption on the coated paper by 50 % with the addition 
of 1 % of CNC into the pigment paper coating (Juhant Grkman et al., 2016). 

Table 1: Nanocrystalline cellulose in different matrix polymer (Hubbe et al.) 

Type of 
nanocellulose 

Matrix 
polymer 

Key findings Literature citation 

CNC Chitosan 
Higher mechanical properties and WVTR 

were achieved 
Dehnad et al. 2014b 

CNC Chitosan 
WVTR was decreased by the CNC, and 

there was less swelling 
Khan et al. 2012 

CNC PVA 
Mechanical and thermal performance of 
the films was increased by including the 

CNC 
George et al. 2010 

CNC PVA 
Tensile and thermal properties of the PVA 

films were enhanced 
Lee et al. 2009 

CNC PVA, chitosan 
Antimicrobial, oxygen barrier, and 

mechanical property improvements were 
demonstrated 

Li et al. 2015b 

CNC PVA 
Increasing CNC tended to increase the 
water vapor barrier, while maintaining 

transparency 
Pereira et al. 2014 

CNC PLA 
Adding 3% CNC decreased water and 
oxygen permeability, which was the 

optimum 

Sanchez-G. 
&Lagaron 2010 

CNC Starch 
Mechanical properties and resistance to 
air were improved by the CNC addition 

Yang et al. 2014 

 

The main research was focused on the replacement of synthetic polymer with 
bio-based material. One of the options was using CNC in paper coatings to 
improve barrier properties, such as oil absorption (Cobb Unger), grease 
resistance (KIT test), WVTR at different test conditions as well as heptane 
vapour transmission rate (HVTR). Coatings of polyvinyl alcohol (PVA) with 
different addition of CNC were prepared. They were characterized and applied 
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on two different basic papers with laboratory coater Sumet. The barrier 
properties were measured on coated papers. 

2 EXPERIMENTAL 

2. 1 Coatings preparation and rheological properties of coatings 

Polyvinyl alcohol (PVA), Mowiol 4-98 in dry form was used to prepare 25% of 
PVA suspension. In PVA suspension we added different amounts of CNC (0%, 
1%, 3%, 5%). CNC was added as a homogenous water suspension with conc. 
3.92 % (wt.), pH of CNC suspension was 8.05 and viscosity was 1460 mPas, 
measured on Brookfield viscometer (R4, 100 rpm, T=9 °C). Rheological 
properties of coatings are presented in table 2. 

Table 2: Rheological properties of coatings 

 PVA PVA + 1 % CNC PVA + 3 % CNC PVA + 5 % CNC 

Viscosity. (mPas) 242 296 510 890 

pH value 6.88 7.06 7.10 7.28 

Concentration (%) 25.05 24.58 24.66 24.62 

 
As expected, the viscosity and pH values of coatings increased as shown in 
Table 2. 

2. 2 Application of coatings on a paper surface 

Coatings were applied on two different papers; (i) paper A, grammage 44 g/m2, 
(ii) paper B, grammage 68 g/m2 with laboratory coater Sumet using film press 
technique. Process parameters were optimized, regarding the rheological 
properties of the coatings. 6 g/m2 of coating was applied on paper A and paper 
B.  

Barrier properties were measured on coated papers, such as water vapour 
transmission (WVTR) by standard SIST ISO 2528:2018, and ASTM D 1653-
93:1999, oil absorption (Cobb Unger) by standard SCAN-P 37:77, heptane 
vapour transmission (HVTR) by ICP method and grease resistance (KIT test) by 
standard T 559 cm-02.  
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3 RESULTS AND DISCUSSION 

3. 1 Coated papers A 

Coated papers A gave the highest grease resistance (KIT value 12) by adding 
1%, 3%, and 5% CNC in coatings (Figure 1). Oil absorption decreased with the 
addition of CNC (Figure 2). 

  
Figure 1: Grease resistance of tested 

paper A and coated papers A 
Figure 2: Oil absorption of tested paper 

A and coated papers A 

 
VTR was measured at different test conditions; (i) 85 ± 2 % RH, 23 ± 1 °C, (ii) 50 
±5 % RH, 23 ± 2 °C. Results are presented in Figure 3 and Figure 4.WVTR 
decreased with the addition of 1% CNC in the coating, compared with uncoated 
paper A.  

Heptane vapour transmission rate (HVTR) was similar to sample PVA+1% CNC, 
PVA+3% CNC, PVA+5% CNC, compared to sample with only PVA coating (Figure 
5). 

 
 

Figure 3: WVTR at 85 % RH, 23 °C of 
tested paper A and coated papers A 

Figure 4: WVTR at 50 % RH, 23 °C of 
tested paper A and coated papers A 
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Figure 5: HVTR of tested paper A and 
coated papers A 

 

 

3. 2 coated papers B 

The highest grease resistance was obtained (KIT value 12) with all coatings on 
paper B (Figure 6).  

Oil absorption decreased in a similar manner (Figure 7). 

  
Figure 6: Grease resistance of tested 

paper B and coated papers B 
Figure 7: Oil absorption of tested paper 

B and coated papers B 

 
The addition of CNC into the coating did not significantly decrease the WVTR, 
compared to the sample with PVA coating (Figure 8 and 9). The same results 
were observed for the heptane transmission rate. (Figure 10). 
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Figure 8: WVTR at 85 % RH, 23 °C of 
tested paper B and coated papers B 

Figure 9: WVTR at 50 % RH, 23 °C of 
tested paper B and coated papers B 

  

 

 

Figure 10: HVTR of tested paper B and 
coated papers B 

 

4 CONCLUSION 

Research results showed, that using CNC in paper coatings gives an option to 
replace part of synthetic polymer. Coatings with added CNC have different 
rheological properties. 

Barrier properties on both coated papers are different. Coated papers B with 
added CNC had lower Cobb Unger level comparable with coated papers A. The 
grease resistance is comparable on both coated papers, both have the highest 
KIT 12. The water vapour transmission rate on both coated papers with added 
1% of CNC had the lowest value. Therefore, the utilization of CNC would 
expand the usability of such paper in different applications where high barrier 
properties are needed. 
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Abstract: In answer to the ban for traditional plastics and need for more 

sustainable packaging solutions, paper-based materials became into focus. 

However, their performance towards oxygen permeability and water sensitivity 

needs to be improved with a coating layer that does not interfere with 

recyclability of the paper. The production of nanocelluloses provides unique 

types of cellulose materials with high crystallinity and formation of a dense 

fiber network structure with low oxygen permeability. Moreover, a feasibility 

study has proven that they can be obtained by processing of residual sludge 

fractions and processing water from the traditional papermaking process. After 

years of academic research, industrial readiness of nanocellulose production 

has been established. For both types of cellulose nanocrystals or cellulose 

nanofibrils, the mechanisms for creating barrier layers either as a free-standing 

film or paper coating are reviewed. In particular, the morphology of the 

cellulose fibrils strongly relates to the formation of a dense films with sufficient 

barrier properties. As a main hurdle, however, the water sensitivity fully 

degrades the protective material under humid conditions due to swelling and 

reduction in strength of the hydrogen bonding network. While the stability of 

nanocellulose can be increased through traditional chemical surface 

modification and/or addition of plasticizer, a novel concept is presented that 

includes the thermally activated release of encapsulated waxes from 

hydrophobic nanoparticles deposited onto the fibrillar surfaces. As such, a novel 

generation of nanocellulose nanocomposite materials with improved barrier 

properties over a broad range of humidity is created.  
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1 INTRODUCTION 

The various forms of nanocellulose such as CNC (crystalline nanocellulose) and 
MFC/NFC (micro- or nanofibrillated cellulse) exist with different morphologies 
depending on the fiber size and abilities for formation of a dense fiber network. 
The high polarities of their structures beneficially contribute to increased 
interactions between the fibrils, which are interconnected to each other 
through hydrogen bonds and van der Waals attractive forces. The 
nanocelluloses consequently have inherent properties to form high barrier 
properties against oxygen, but the performance is strongly dependent on 
different fiber characteristics and processing conditions of the nanocellulose. 
The differences in oxygen permeability for CNC and CNF can be described 
trough its morphology (Wang et al., 2018). As the CNF has high aspect ratio and 
entangles into a dense structure, a network with small pore sizes and high 
tortuosity for diffusion of molecules is created. The CNC presents more rigid 
fibers that easily arrange into a layered structure with lower volume fraction 
of voids and higher density. A more definitive understanding should be 
ascertained regarding the oxygen barrier property when comparing CNFs and 
CNCs (Wang et al., 2020). 

The penetration of oxygen through the fibrillar network depends on solubility 
and diffusion. The polarity of the cellulose is different than the oxygen, 
therefore reducing the solubility and restricting the adsorption of oxygen. The 
formation of a dense packaging with small pore sizes reduces the permeability 
of the gas molecules (Lavoine et al., 2012). The presence of a high density of 
hydrogen bonds in the cellulosic fiber network induces high cohesive energy 
with large activation potential for the migration of the molecules.  

Different parameters of the cellulose nanofibers influence the oxygen 
transmission rate (OTR). The source of production and pretreatment of MFC 
influence OTR, e.g. by TEMPO-oxidation (Vartianen et al., 2015). A lower OTR 
was observed with increasing amount of oxidation and the transmission values 
for the MFC produced from Spruce were inferior to those for Eucalyptus pulp 
(Rodionova et al. 2012). In particular, the microstructure of MFC related to the 
OTR (Chinga-Carrasco et al. 2012), as the relatively thick and poorly fibrillated 
fibers result in films with relatively high porosity. Otherwise, the density of the 
films increased after TEMPO-oxidation and a linear decrease in OTR with 
degree of modification was observed (Rodionova et al., 2011).  
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The deposition of MFC/NFC as a paper coating can be done following 
traditional coating methods, including spin-, dip- spray- or rod-coating. As a 
result, the MFC forms a dense and oriented surface layer. The interactions 
between the cellulose paper substrate and the coating are critical, as voids can 
occur due to insufficiently smooth shear and high interactions between the 
coating and base substrate. Therefore, the direct application under wet 
conditions is considered (Syverud et al. 2009). In particular, the thick coatings 
are needed in order to obtain full coverage of the surface without tendency for 
miocrocracking. Alternatively, plasticizers such as sorbitol or glycerol can be 
added to form more thick and defect-free MFC coatings.  

Above all, the high water-sensitiity of MFC/NFC coatings strongly deteriorates 
OTR performances. Therefore, the surface modification through acetylation of 
the MFC in presence of acetic anhydride was performed to introduce 
hydrophobic properties, while providing low OTR over a broad range of 
humidity conditions (Rodionova et al. 2012). The addition of sorbitol or glycerol 
plasticizers similarly provided better protection of the fibrillar coatings against 
environmental humidity changes, in parallel with the densification of the 
coating structure through hot-pressing (Van Ngyen et al., 2021).  

In view of the intrinsic properties of MFC/NFC creating an oxygen barrier layer, 
novel concepts for activated packaging coatings can be developed taking into 
account additional hydrophobic protection. Therefore, proof-of-concept for a 
new mechanism controlling hydrophobicity and OTR of MFC/NFC networks is 
presented, through the surface modification of the MFC fibrils by deposition of 
hydrophobic nanoparticles with encapsulated wax. The controlled wax release 
upon functionalization additionally contributes to the formation of a full 
protection film. In parallel with considerations for higher efficiency in the 
circular use of natural resources, alternative ways for the production of 
MFC/NFC from sludge residues of pulp- and papermills are considered in 
contrast with traditional cellulose resources.  

2 MATERIAL AND METHODS 

A sample was collected of primary sludge from a paper mill (Brazil), which was 
pretreated through dilution, intensive washing and filtration of the sludge 
suspension. A mild acidic pretreatment was performed for neutralization of the 
CaCO3, in presence of sulphuric acid, hydrochloric acid and acetic acid. The acid 
agent was diluted in aqueous conditions and added in a suspension of 250 ml 
containing 5 g (dry weight) of sludge. The ratio of chemical agents was 
calculated from the stoichiometric reaction ratio with CaCO3. The suspension 
remained agitated for few minutes and was cleaned over a screen of 60 mesh 
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and 10 cm diameter. The retained materials were intensively washed with 
distilled water until neutral pH and filtered again. After pretreatment, the ash 
and CaCO3 contents in the recovered sample were checked by analytical 
methods and reduced to zero.  

The production of MFC/NFC from recovered sample was done in a 
microfluidizer (type EH-110, Microfluidics, Westwood, MA), using a diluted 
suspension of 2 wt.-% solid content. The sample was processed through 25 steps 
in a homogenizer chamber and 10 steps in a 200 µm chamber. Subsequently, the 
surface modification was done through deposition of hydrophobic 
nanoparticles, including poly(styrene-co-maleimide) and wax, as detailed before 
(Rastogi et al., 2016).  

3 TEST RESULTS 

3. 1 Film forming properties 

The coatings of the modified MFC were applied onto a sheet op base paper. 
Where the initial unmodified MFC formed an open film structure, the surface-
modified MFC allowed to form a film with a more dense fiber packing and low 
porosity. The interface between the coating and the paper substrate was 
difficult for the pure MFC due to instabilities in the shear properties and 
uneven deposition during bar-coating process. In contrast, the coatings with 
modified MFC were more homogeneous and the interface with the paper 
substrate was better developed, partly due to the better shear and lubricating 
properties of the encapsulated wax particles. A detail of the modified fibers 
with wax particle deposits can be observed through AFM analysis, showing 
good interactions between the particles and cellulose fibers. The fiber surfaces 
are homogeneously covered, while maintaining the morphology of a thin 
fibrillar network structure. In a further upscaling experiment, the spray coating 
application of the dispersions was optimized in order to build coatings with 
grammage 8 g/m2 providing the full surface coverage. The morphology of the 
different coatings is shown in Figure 1.  
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(a) (b) 

Figure 1: Scanning electron microscopy of oxygen barrier coatings, including (a) native 

MFC, (b) surface-modified MFC (AFM inset scanning size 2 x 2 mm2) 

3. 2 Thermally activated coatings for packaging 

The activated coatings were created through thermal heating of the modified 
MFC, resulting in the progressive release of wax from the encapsulated 
polymer matrix. Consequently, the morphology of the coating evolved and 
formed a more continuous layer upon exposure of the wax. The latter has a 
function of plasticizer that consequently benefits the formation of a closed 
surface layer. Due to the presence of the MFC network, the diffusion of the 
wax into the porous bulk of the paper substrate was limited and the coating 
rather forms a closed top layer, as shown in Figure 2.  

In parallel, the OTR values for the different samples were measured at relative 
humidity of 50 % and 70 %, under controlled temperature of 35 °C. The test 
results of OTR are expressed in Table 1, where values for uncoated paper could 
not be measured (out-of-range), while significant improvement in the OTR 
values for MFC coatings was observed at humidity of 50 %. However, the 
increase in humidity has a detrimental effect on OTR values for unmofied MFC 
coatings. The OTR values for modified MFC coatings are lower than unmodified 
MFC coatings (both 8 g/m2), while they also remain more constant at high 
humidity. The coatings with modified MFC were subsequently thermally 
heated for the release of wax at temperatures T = 135 °C and T = 180 °C, 
resulting in a further decrease of OTR owing to the release of wax and 
formation of a defect-free film on the paper substrate.  
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Figure 2: Paper coatings with modified MFC after thermal heating at different 

temperatures, resulting in thermally activated release of wax. 

Table 1: OTR values [cm3/(m2 day)] for different coatings on paper (8 g/m2) 

 RH = 50 % RH = 70 % 

Unmodified MFC coating 3.8  103 8.5  103 

Modified MFC coating   T   = 23 °C 
                                           T   = 135 °C 
                                           T   = 180 °C 

2.1  103 
1.4  103 
1.1  103 

2.8  103 
1.8  103 
1.2  103 

4 CONCLUSIONS 

The coatings with MFC can be smoothly applied onto packaging paper grades 
with a reduction in oxygen barrier transmission. Alternatively, the hydrophobic 
surface modification of the MFC provides better protection with less 
dependence on the environmental humidity through thermally activated 
release of wax. Therefore, the presented system may be a good candidate for 
combined hydrophobic and oxygen barrier properties with good film forming 
properties when applied as paper coating.  
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Abstract: The products from paper are widely used materials with several 

benefits. The corrugated paper keeps items protected through long-distance 

logistic processes and constant shipping and handling. The corrugated 

boxboards are ideal options for any industry’s shipping, packaging and storage 

needs. Papers and cardboards are quite a low cost and also provide 

environmental-friendly solutions, using recyclable materials such as used 

corrugated cartons and old newspapers. Recycling offers a reduction in 

environmental impact in densely populated regions and a large production of 

paper and board products. Generally, the use of recycled fiber produces paper 

with poorer mechanical properties due to the decrease in interfiber bonding. 

The recycled pulp must be treated to restore its bonding strength, for which 

there are six methods possible: mechanical treatment, chemical additives, 

chemical treatment, fractionation, papermaking process modification, and 

blending with virgin fiber. Although some mills produce 100% recycled paper, 

the majority augment their used pulp with some virgin fiber. Paper properties 

can be tailored within some ranges by modifying the properties of fibers, but 

the influence of fine quality on the structure, strength, and optical properties of 

paper can be even greater. The properties of papers are essentially determined 

by their raw materials. Most of these raw materials are made from 100% 

recycled fiber, but as the quality of the waste fiber varies, different chemicals 

must be used to provide the desired or expected properties. From an 

environmental and economic point of view, the use of primary fibers can be an 

alternative.  

Keywords: virgin fiber, specific volume, tensile force, tensile strength, tearing 

strength 
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1 INTRODUCTION 

Recycling has emerged as one of several possible solutions for environmental 
protection, and this includes waste papers, which can be collected and treated 
for reuse. However, a key issue for waste paper reprocessing is to preserve the 
optical and physical properties in the reprocessed waste paper fibers. It has 
been reported that sodium hydroxide (NaOH), a conventional deinking agent, 
turns the reprocessed paper yellow, and reduces the strength of the 
reprocessed paper sufficiently thus an additional treatment is necessary (Zeyer 
et al., 1994). 

The characteristic of the paper can be customized within some ranges by 
changing the properties of fibers, but the effect of particles quality on the 
structure, strength, and optical properties of paper can be even higher. 
Fibrillary particles improve bonding between fibers, and thus also a tensile 
index of paper, while flake-like particles promote a light-scattering coefficient 
of paper. In the texture of paper, the fines fragments may act as small fibers, 
fill space between fibers, block fiber-fiber bonding, help in assembling fiber-
fiber bonds, or simply stand on free fiber surfaces (De Silveira et al., 1996, ] 
Görres, J. et al., 1996, Peel, J. D., 1999). Fibrillary mechanical pulp particles are 
shown to gain strength properties, while flake-like elements are positive for 
the light-scattering coefficient of paper when mixed into a fines-free 
mechanical pulp with virgin fibers (Luukko, K., 1999, De Silveira et al., 1996).  

Cellulosic fibers are negatively charged due to the presence of acidic groups 
(carboxyl, sulfonic acid, phenolic, or hydroxyl groups), which either originate 
from cell wall constituents or being introduced during pulping or bleaching of 
fibers. Filler retention by a direct route affects optical characteristics of paper 
like brightness, whiteness, specific-scattering coefficient, which in turn directly 
influence printing characteristics (Y V Sood et al.). A paper-based product in 
most cases contains 90–99% cellulose fibers, which are the main structural part 
and the most important integrant influencing the final properties. A network 
of self-bonding cellulose fibers within the network structure affects the 
chemical and physical characteristics of the paper products. However, the 
chemical structure of cellulose is now well established and consists of β-
anhydroglucose units with dominant hydroxyl groups, which are appropriate 
groups for reactions. These are mainly due to the one primary and two 
secondary hydroxyl groups in each monomer unit in polymer structure (Fengel, 
D et al., 1984, Rushdan I., 1998). Because the paper network is composed of 
randomly laid fibrous (cellulose) and non-fibrous (fillers) materials, it contains 
a complicated set of cavity pore channels with a variety of capillary dimensions. 
Hence, it is readily permeable to liquids. However, the structure of the paper 
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can be modified during the contact of liquids because it disrupts hydrogen 
bonds, relaxes fibers, and produces dimensional modifications in pores and 
capillaries. 

Binders or adhesives are among several matters generally added to the pulp 
before paper sheet formation. Binders belong to the class of macromolecular 
substances. For example, high molecular weight compounds are mostly 
hydrophilic colloid parts. The main point of the binder adding is to improve the 
strength of paper products. However, other paper properties may be affected 
by binder addition.   

2 MATERIAL AND METHODS 

2. 1 Experimental work 

Tests were conducted with unbleached sulphite, sulphate pine cellulose and 
sulphate deciduous cellulose (as primary cellulose) and recycled corrugated 
board (as secondary cellulose). The materials were disintegrated with a 
laboratory pulp mixer with water (as disintegration medium). Using these two 
types of suspensions, we prepared different mixed-pulps according to the ratio 
of cellulose and corrugated waste papers. Based on the dry matter content of 
the raw materials it was calculated the proportion of fibrous materials and the 
required mass values. To study the mechanical and physical properties of the 
mixed pulps, we produced sample-paper sheets using laboratory Erntst Haage 
sheet former. 

2. 2 Disintegration with laboratory pulp mixer 

We disintegrated separate the primary cellulose and the corrugated board 
paper waste in the laboratory pulp mixer. The glass jar of it is 10 l volume. The 
RPM of the mixer was 3000/ sec. We plucked the known weight waste paper 
into 3x3 cm pieces, then the material was soaked for 24 hours in 20 OC water. 
Then we disintegrated them for 20 minutes on 3000 RPM. We prepared the 
cellulose similarly to our method. 

2. 3 Sheet formation 

The dry matter of the suspension in the mixer is known. Without the dilution, 
we can calculate how much suspension we need for the sheet forming with 
314 cm2 sheet size for a given grammage (basis weight). We produced sample-
paper sheets with 80 g/m2 grammage using laboratory Erntst Haage sheet 



150 

former. The sample sheets were stored in an airtight plastic case until further 
examination. 

2. 4 Mechanical tests 

The physical properties of paper are affected materially by its moisture content 
which, in turn, is dependent on the humidity of the surrounding atmosphere. 
In order that tests may be made on paper in a defined physical state, it is 
brought into equilibrium with an atmosphere of standardized temperature and 
relative humidity, and tested in that atmosphere. Before the tests, according 
to standard ISO 187:1990(en) the test samples were conditioned at 23 °C/50 % 
r.h. for 24 hours. 

2. 5 The burst test of the sample-papers 

The burst test is frequently used as a general guide to the strength of paper 
products, like sheets, solid board, and corrugated board. Measures the 
pressure required to puncture a sheet of paper or paperboard as an indicator 
of its load-carrying capacity under specific conditions (unit: kPa). Based on the 
measured values were calculated the following parameter. Burst index means 
the bursting strength in kilopascals, divided by the basis weight in g/m2. On 
the other hand, the burst factor can be calculated with the bursting strength in 
gram per centimetre squire, divided by the basis weight in g/m2 (kPa.m2/g). 
The burst test was performed according to the ISO 2758:2001 standard using 
a Mullen system burst tester. 

2. 6 Tear test of the sample-papers 

The tear strength of paper means the resistance of a paper sheet to tearing 
force (in mN) that it is subjected to. It is another important basic physical 
property of paper and paperboard. Also known as the Elmendorf test, the 
tearing test has been performed in the paper industry for many decades in 
order to measure the mean internal resistance of cellulose or papers to the 
propagation of a deliberately initiated tear. Based on the measured values 
were calculated the tear index which means: tearing strength/grammage, 
quoted in mN.m2/g. The tear test was performed according to the ISO 
1974:2012 standard using Elmendorf Tear Tester. 

2. 7 Tensile strength test of the sample-papers 

The tensile strength is the maximum stress to break a strip of the paper sheet. 
It is one of the most important basic physical properties of paper and 
paperboard. The strength, length, and bonding of fiber, degree of fiber 
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refining, and the direction of the fiber are the main sources of the tensile 
strength of paper. It also depends on the quality and quantity of fillers used. It 
is a significant factor for many applications like printing, converter, and 
packaging papers. The tensile strength test of the paper sheet is like the other 
materials test, but the method of expressing is different. It is calculated with 
the force per unit width and expresses as N/m. It is also important to measure 
the stretch at break value. The relative stretch at break is a ratio (in %) of the 
elongation of a test piece, over its initial length, at the moment when the 
maximum tensile force is reached during a tensile test. Based on the measured 
values were calculated the tensile index which index is defined with tensile 
strength divided by basis weight and express as Nm/g. The tensile test was 
performed according to the ISO 1924-1/3 standard using L&W Tensile Tester. 

2. 8 Capillary rise of the sample-papers 

For unsized papers such as blotting papers and other papers having relatively 
high-water absorbency the Klemm method for determining water absorbency 
is used. Test pieces are immersed to a set depth in water and the height of the 
water rise is measure after a set time. The capillary rise test was performed 
according to the ISO 8787:1986 standard using Klemm Absorbency Tester. 

3 CONCLUSION 

3. 1 Unblended paper properties 

The properties of the papers made from 100% sulphate pine pulp, 100% 
sulphite pine pulp, 100% deciduous pulp, and 100% recycled paper are shown 
in Table 1. Compared to mixed papers, recycled paper has lower mechanical 
property values and a lower apparent density because mechanical properties 
are indicative of the strength derived from factors such as fiber strength, fiber 
length and bonding. 

The apparent density is a mediate scale of the elasticity of the pulp. Apparent 
density is simply calculated from the weight, area, and thickness of the paper 
sample. A resilient pulp has a higher apparent density as its fibers are more 
lightly compressed into the holes of the paper sheet. Recycled fibers are more 
inflexible and not so lightly compressible (Minor, J. et al., 1993, Ellis, R. C. & 
Sedlachek, K. M., 1993). The difference is 19%. The deciduous pulp has a lower 
apparent density. The capillary rise value of 100% sulphite pine paper is 12 mm 
lower than 100% recycled paper (old carton paper). The difference is 50% 
because the fluid transport in the paper depends on the fiber types, the 
refining, and the other materials of the paper (filers, sizing materials), and the 
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recycled papers contain a lot of different other components. The capillary rise 
value of 100% deciduous paper is 76 mm higher than 100% recycled paper (old 
carton paper). The difference is 416%. The reused papers also had a nether 
tensile strength and tensile index, burst index, and tearing values due to some 
loss in the interfiber bonding (ALINCE, B. et al., 2011) from the wreckage of the 
polysaccharide macromolecules as an outcome of dehydration [9]. The grade 
of fiber bonding in the paper sheet can be mediate measured by the burst test. 
The 100% sulphate pine sheet have a 257% higher burst value than, the 100% 
sulphite pine sheet have a 168% higher burst value than, the 100% deciduous 
sheet have a 27% lower burst value than, the 100% old carton paper and sign 
lower bonding areas in their recycled papers (Rushdan I., 1998).  

Table 1: Mechanical and physical properties of papers 
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3. 2 Blended paper properties 

The properties of the papers made from mixtures of sulphite pine pulp and 
recycled papers are shown in Table 1. The paper properties were highly 
affected by the sulphate, sulphite pine, and sulphate deciduous pulp 
incorporated, with the changes suspended on the extraordinary property, 
percentage of mixing, and the type of recycled paper used. The sulphite pine 
pulp improved the structural and mechanical properties. The mix of 15 % 
sulphite paper produced the biggest changes in the structural and mechanical 
properties and the mix of 6 % had the lowest changes.  

Figure 1: The properties of the papers 

The addition of virgin pulps increased the apparent density, tensile index, burst 
index of the recycled paper. Density is among the important structural 
properties of paper (Levlin, J., 1999). Structural properties deal with the placing 
of containing materials within the paper sheet (Peel, J. D., 1999). The results 
are explained the stability of a paper with randomly oriented fiber is 
dependent on the strength of the individual fibers and the stability and number 
of bonds between them (Kallmes, O. J. & Perez, M., 1965, Page, D. H., 1969, 
Van Den Akker, J. A. et al., 1958) 

The strength properties of the blended recycled papers were not linearly 
related to those of papers from virgin fibers (Table 1 and Figure 1). 
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As it can be seen from the data, the value of the apparent density changed only 
to a little degree with the blending of the primer fiber. The increase of the 
tensile properties was in proportion to the degree of the added sulphite fiber, 
similarly to the tensile volume. The degree of the changes, that is the increase 
of the mechanical parameters can be analyzed by the percentage of the fiber 
material correlation. See Table 2. 

Table 2: The correlation between material composition and properties 

Properties 
Correlation 

sulphate pine 
Correlation 

sulphite pine 
Correlation 
deciduous 

Apparent density [g/cm3] 0.96 0.98 -0.91 

Tensile strength [kN/m] 0.96 1 1 

Stretch [%] 0.59 -0.5 -0.73 

Tensile index [Nm/g] 0.96 1 -0.9 

Bursting [lb/in2] 0.96 0.97 -0.75 

Bursting index 1 0.98 -0.81 

Tearing force [mN] 0.98 -0.4 0.95 

Capillary rise [mm] -0.04 -0.7 1 

 
The properties of recycled paper were affected by the addition of the different 
virgin pulps with high correlations. The changes on the properties are diverse, 
impend on the particular property, percentage of blending. The blended 
recycled paper properties were not linearly related to the sulphite pine paper 
properties. The changes in the paper properties originate from the properties 
of the sulphite pine pulp - its elasticity, potential bonding area, and other 
materials. In conclusion, it can be said, that virgin fibers added to the recycled 
papers significantly increased the mechanical parameters of the product. 
Analysing the correlation values, it can be established there is a very strong 
relationship between the volume of the mass of fiber and the measured 
properties. Except for the capillary rise, whose correlation volume showed a 
weak relationship. The possible reason for this is that in the case of paper the 
water absorption and the capillary properties are dependent on the volume of 
added materials to a larger degree than the strength and shape of the fibers 
and the number of bonds. 
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Abstract: This paper studies the characterestics of corrugated packaging under 

the pyrolysis process using the Differential Scanning Calorimetry (DSC). The 

release of the heat and marginal temperature peaks of the main components 

were on-line measured during the tests. In thermal analysis the pyrolysis of high 

cellulose content samples with double exotherm peaks at 220-310 °C and 315-

530 °C. Exotherms and endotherms in the DSC analysis closely connected to the 

presence of cellulose in the NaOH treated cotton, Kraftliner basepaper and 

Testliner basepaper samples. Analysis of Kraftliner basepaper and NaOH 

treated cotton showed two main exotherm peaks at 320-530 °C and with the 

Testliner basepaper, 330-530 °C. The releasing behaviour of the high cellulose 

content samples, the NaOH treated cotton was investigated and compared 

with the basepaper’s thermoanalytical results where it was observed that the 

decomposition of the cellulose had the coherence with its quantity in it and the 

results were correlated with various cellulose content basepaper samples, as 

well. 

Keywords: paper components, corrugated packaging, DSC 

1 INTRODUCTION 

Significant part of the paper and pulp industry is the production of various 
paper or paper-based packaging materials (Tsujiyama and Miyamori, 2000). 
One of the most commonly used packaging materials is the paperboard. To 
prepare a clear identification of various basepapers of the paperboards has an 
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essential part of the quality processes, shown by Yang et al (2006). Since the 
testing of the base-elements has been used mainly for mechanical tests, 
several deviations can occure. Mechanical methods, for example ECT (Edge 
Crush Test), CCT (Corrugated Crush Test), RCT (Ring Crush Test), FCT (Flat Crush 
Test), are based on statistical technique, but can not provide appropiate results 
in any condition, as reported by Raveendran 1995. In case of the classification 
of the different basepaper’s quality the same problem can be determined 
under the mechanical testing (Pöhler et al., 2017). As the quality of the paper 
is mainly defined by the cellulose and recycled paper content. It is difficult to 
separate it at the same time with the currently used test methods and their 
accurate ulterior identification is impossible with tests which are based on 
statistical methods (Yang et al., 2006). However, knowing and measuring the 
behaviour of the components of paper with thermo-anylitical methods, the 
various physical and chemical changes can be monitored (Raunio et al. 2020) 
(Böröcz et al., 2016). As for the component’s nature, every organic materials 
behave in a specific way and produce measurable differences under thermal 
processes. These differences are influenced by also the quality and quantity of 
the organic materials, which can be compared with each other. As a result of 
the examinations using a Differential Scanning Calorimetry (DSC) apparatus, 
the classificiation of the basepapers can be implemented. With the help of DSC 
test, base paper types can be classified into a simple and transparent way. It is 
shown by Raveendran (Raveendran, 1995) and Yang et al. (Yang et al., 2006). 

As the pyrolysis is a complex process, the samples go through many of 
endotherm and exotherm reactions and it’s heatflow (mW) and temperature 
peaks (°C) can be influenced by many factors (Chen et al., 2006). Mainly these 
reaction factors are due to the components of cellulose, hemicellulose and 
lignin (Soares et al., 1995, and Ball et al., 2004). The cellulose and hemicellulose 
are natural polymers, which are appropiate for DSC analysis. Knowledge of the 
pyrolysis characteristics of components is the basis, so it is important for the 
better understanding of the thermal conversion. Using DSC to analyze the 
formation characterestics of charring process from cellulose pyrolysis at 
various conditions, showed by heatflow value (mW) according to the different 
heating rates. The organic mixture was classified but under the heating process 
it was difficult to distinguish these components from the perspective of 
exotherm and endotherm reactions. However, comparison of the heatflow 
(mW) and temperature peaks (°C) can reveal main constituents with the 
respect to the stages of pyrolysis process (Mitchell et al., 1960). In this study 
the knowledge of the pyrolysis of cellulose, hemicellulose and lignin from the 
literature with the heatflow (mW) and temperature peaks (°C) of the NaOH 
treated cotton and the basepapers in various quality. The objective of this 
study is to gain extensive understanding about pyrolysis of the main 
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components which can explain the differences of the results among the various 
basepapers, thus facilitate to establish a comprehensive and universal model 
to identify the quality of the basepapers. 

2 MATERIAL AND METHODS 

2. 1 Sample 

The NaOH treated cotton for this study as the constituent of the three main 
components (cellulose, hemicellulose and lignin) were obtained by the 
Material Laboratory of Óbuda University, Hungary. This sample was also in 
board form with the size of 210 x 297 mm. The NaOH treated cotton contained 
over 90% of α-cellulose because it was appropiate for showing the chemical 
properties as a representative and comparable component of cellulose during 
various pyrolysis processes in basepapers. Filler materials as Kaolin and CaCO3 
were also obtained by the Material Laboratory of Óbuda University. 
Furthermore, the Kraftliner and Testliner basepaper were brought from 
Dunapack Zrt. (Hungary, Budapest). Kraftliner had an almost total composition 
of cellulose-sulphat, and Testliner samples contained 30% recycled paper and 
70% cellulose sulphate. All the samples as can be seen on Figure 1. separately 
were selected from separate production, the various samples quality was 
determined by manufacturer’s specification.  

     
(a) (b) (c) (d) (e) 

Figure 1: Measured samples of the study: NaOH treated cotton (A); Kraftliner 

basepaper (B); Testliner basepaper (C); Kaolin (D); CaCO3 (E) 

2. 2 Experimental methods 

The pyrolisis of the samples were performed by Differential Scanning 
Calorimetry (SETARAM DSC 131 EVO). Using a DSC apparatus provided 
information for the typify temperature peaks (°C) and heatflow values (mW) of 
the pyrolysis process, which can refer to the chemical characterisation changes 
for each component. To mitigate the deviation of heatflow (mW) values and 
temperature peaks (°C) the sample weight was kept at low level and defined in 
milligramm (mg). According to the repetition tests 5-5 samples were prepared. 
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The samples were heated up to 550 °C with a constant heating rate 10 K/min 
and kept on the maximum heat temperature (°C) for 3 min. Purified nitrogen 
(99.9995%) had been used to provide a constant. inert atmosphere for the 
pyrolysis with a 120 ml/min flow rate. Using this carrier gas to remove the 
gaseous and condensable products, thus minimizing any secondary vapor-
phase interactions (Yang et al 2006). The energy changes were monitored 
during the heating and temperature increasing, keeping and cooling period as 
(1) equation shows. 

𝑑𝐻 𝑑𝑡 = 𝐶𝑝 𝑑𝑇 𝑑𝑡 + 𝑓(𝑇, 𝑡),  (1) 

where: 

• dH/dt is DSC heat flow signal; 

• Cp is a sample heat capacity (heat specific x weight); 

• dT/dt is the heating rate; 

• f (T,t) is heat flow that function of time at an absolute temperature 
(kinetic). 

The preparation of the test samples were taken place in 30 μl aluminium jars, 
the avarage nett weight of the samples were between 8-20 mg. The weight 
was measured by precision mg weight measurement apparatus. In the DSC 
apparatus, there were reference and a sample jars filled also. A predefined test 
program performed the thermal proccess using nitrogen purge during 
examination. The heating process started from 30 °C and was heated up to 
550 °C at a rate of 10K/min. During the test it was recorded temperature 
differentals between the sample and the reference jar and the program was 
analysed data based on exotherm and endotherm processes and recorded 
temperature peaks (°C) and heatflow values (mW) as well. Each samples was 
measured by 5 repetitions and their avarages graphically presented. 

3 RESULTS  

3. 1 Chemical structure of the components 

The chemical structure was detected by using the DSC through analyzing the 
temperature peaks (°C) and heatflow (mW) were related to each other. Mainly, 
the exothermic and endothermic temperature peaks (°C) were observed at the 
marginal peaks of the elementary constituent as cellulose. From the 
perspective of the examination, the cellulose is closely connected to the 
following processes: primary, secondary and tertiary pyrolysis.  
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Figure 2: NaOH treated cotton DSC curves 

Figure 2 shows the NaOH treated cotton curves, with local minimum and 
maximum points where its inflection points as the part of the exotherm and 
endotherm processes can be seen. The degradations of cellulose began at 
220 °C and had its end over 400 °C. The main pyrolysis process of cellulose took 
place between 315 °C and 400 °C. The cellulose consisted of a long polymer of 
glucose without branches, its structure was very strong, and the thermal 
stability of cellulose is also high. The primary pyrolysis reaction was caused by 
the C-C and C-O bonds rupture of cellulose. This pyrolysis reaction is produced 
higher heatflow values (mW) where the decomposition of the cellulose 
occured. Regarding the high primer cellulose content samples were shown the 
decomposition of carbonil (C-O-C) and carboxyl (C=O) groups of cellulose and 
hemicellulose between 280 °C and 500 °C. 

As shown on Figure 3. Kraftliner basepaper DSC curve reflects the degradation 
of the samples the DSC curves showed the energy consumption properties 
based on the heatflow (mW) and temperature (°C) correlation in the pyrolysis 
process. At lower than 200 °C, the DSC curves of all samples showed a similar 
tendency, the first endotherm reaction occured at ~ 100 °C explained by the 
removal of moisture when the sample heated up. With the increased 
temperature further (> 200 °C) the DSC profile of high cellulose content 
samples showed an obvious and firm endothermic peaks at ~ 355 °C. On the 
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DSC curves two peaks were found at~ 275 °C and 365 °C respectively, indicating 
that their reactions were exothermic. 

 
Figure 3: Kraftliner basepaper DSC curve 

 
Figure 4: Testliner basepaper DSC curve 
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Figure 5: Minerals (Kaolin-red and CaCO3-green) DSC curves  

In Table 1 NaOH treated cotton and other different quality of basepapers 
(kraftliner-high cellulose content paper; testliner-low cellulose content paper) 
avarage results are presented. To achieve a better understanding of each 
reaction type connected to pyrolysis process, where the inflection points of the 
curves have changed, there were a local minimum and a local maximum points 
showed and analysed. The local minimum and maximum points were shown 
and analysed by both temperature peaks (°C) and the associated heatflow 
(mW) values. 

Table 1: DSC results of NaOH treated cotton, Kraftliner and Testliner basepaper 
samples 

Reaction 
type 

Endotherm Exotherm Endotherm Exotherm Endotherm Exotherm 

Sample 
I. Local min. VI. Local max. III. Local min. VI. Local max. V. Local min. VI. Local max. 

Tmin 
(°C) 

Hf 
(mW) 

Tmax 
(°C) 

Hf 
(mW) 

Tmin 
(°C) 

Hf 
(mW) 

Tmax 
(°C) 

Hf 
(mW) 

Tmin 
(°C) 

Hf 
(mW) 

Tmax 
(°C) 

Hf 
(mW) 

NaOH 
treated 
cotton 

102.42 5.62 166.06 1.55 252.02 3.23 326.77 16.05 348.42 11.36 532.64 48.21 

Kraftliner 
basepaper 

106.52 2.47 177.27 0.58 211.91 0.78 323.05 7.9 349.4 7.92 532.26 15.53 

Testliner 
basepaper 

103.28 0.83 166.25 0.44 233.6 0.71 331.05 7.34 350.98 7.66 531.89 13.03 

 

Here we have to mention that the NaOh treated cotton samples in Figure 2, 
had its great importance in the experiment due to the fact that it has over 90% 
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α-cellulose content, which is an essential comparative fund of the various 
basepaper samples as it was closely related to the mechanical and quality 
properties of the paper’s content. As the table, showed the primary pyrolysis 
can be observed between 252,02 °C and 348,42 °C, the secondary pyrolysis is 
observed around ~348,42 °C and tertiary was at ~532,64 °C. After the 
secondary and tertiary pyrolysis further reactions were not observed due to 
the fact that charring process was ended. The occured heatflow values for the 
primary pyrolysis was 16,05 mW and for the secondary pyrolysis was 48,21 
mW. The Kraftliner basepaper primary pyrolysis appeared between 211,91 °C 
and 349,40 °C in Figure 4. The secondary pyrolysis was from 349,40 °C to 
532,26 °C. The heatflow (mW) values were 7,90 mW and 15,53 mW. The 
Testliner basepaper in Figure 5. had a lower quality as Kraftliner. The primary 
pyrolysis measured between 232,39 °C and 331,05 °C. The secondary and 
tertiary pyrolysis was at 350,98 °C and 531,89 °C. The corresponding heatflow 
(mW) values of primary pyrolysis were 7,34 mW and 13,03 mW at the 
secondary-tertiary pyrolysis. The results have been confirmed by other 
researchs as according to S. F. Ibrahim et al (Ibrahim et al., 2011) and Tsujiyama 
and Miyamori in 2000. 

 

Figure 6: Comparison of DSC curves for various samples 

Through the comparison of the three pyrolysis processes some similar points 
of the different samples were compared in Figure 6. According to the minerals 
in Figure 5, there was no significant decomposition process which occured 
during the heating period. Primary, secondary and tertiary reactions of the 
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cellulose were measured in both samples of kraftliner and testliner 
basepapers. The determinative level of primary, secondary and tertiary 
pyrolysis of the different samples were observed it depends on the ratio 
content of cellulose. Table 2 shows normalized values of pyrolysis as showed 
increasing tendency regarding the cellulose content decreasment. These 
values were observed at exotherm reactions. Based on the endotherm 
reactions due to the inhomogenous heat absorbation properties of the 
cellulose the normalised values showed higher values. This results confirm the 
previous researches e.g.Yang et al. (Yang et al., 2007) that cellulose consisted 
of a long polymer of glucose without branches, its structure is very strong, and 
the thermal stability of cellulose is high, compared to other components like 
hemicellulose. 

Table 2: Normalized values connected to each pyrolysis reaction with the segregation 
of local minimum (min.) and maximum (max.) points. 

 
The different contribution of the samples obtained from the results of pyrolysis 
decisive differences where the total charring process showed also differences 
after the test according to the cellulose content level. Based on the ratio of 
cellulose degradation, under the primary, secondary and tertiary pyrolysis it 
was measured avaragely higher heatflow (mw) values, connected to higher 
temperature (°C) at the peaks of the reactions. This result confirm other 
researcher’s results, as it was written by soares et al. in 1995, consequently it 
is generally accepted that the endotherm processes during the test is mainly 
due to the depolymersiation of cellulose with formation of levoglucosan and 
its evaporation, whereas the exotherm is due to the char formation. 

4 CONCLUSION 

The pyrolysis characteristics of main constituents of basepapers, cellulose and 
minerals, and also kraftliner and testliner were investegated. The differences 

Samples 
Local 
min.  

points 
T (°C) 

Heatflow (mW) Local 
max.  

points 
T (°C) 

Heatflow (mW) 

Valu
e 

Normalize
d Value 

Valu
e 

Normalize
d Value 

NaOH 
treated 
cotton 

I. 102.4 3 -0.1 II. 166.1 0.5 0.1 

III. 252 0.9 0.3 IV. 326.8 8.5 0.6 

V. 348.4 9.6 0 VI. 532.6 32.4 0.3 

Kraftliner 
basepaper 

I. 106.5 1.7 0.1 II. 177.3 0.4 0.2 

III. 211.9 0.8 0.3 IV. 323.1 6.6 0.1 

V. 349.4 7.9 0.2 VI. 532.3 13.1 0.2 

Testliner 
basepaper 

I. 103.3 0.8 0.1 II. 166.2 0.3 0.1 

III. 233.6 0.7 0.1 IV. 331 6.1 0.1 

V. 351 7 0.1 VI. 531.9 13 0.1 
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of pyrolysis behavior among the main constituent ratio content of the samples 
were drawn from the test results. At lower temperature below 200 °C all 
samples were produced similar curves. There were a determinative 
endothermic reaction at ~ 100 °C which was the leaving process of moisture. 
The pyrolysis of cellulose by NaOH treated cotton samples had been degraded 
and mainly happened at between 250-540 °C. At the following temperature 
(<500 °C), the pyrolysis of cellulose involved exothermic peaks avaragely at 
166,06 °C, 326,77 °C, 532,64 °C and endothermic at 102,42 °C, 252,02 °C, 
348,42 °C. Over the temperature of 500 °C the situation of tendency had 
changed and it showed rather endothermic before the end of the experiment. 
The behaviour of the Kraftliner samples evolving from pyrolysis under the 
measurement were exothermic with the temperature peaks at 177,27 °C, 
323,05 °C and 532,26 °C and endothermic at 106,52 °C, 211,91 °C and 349,4 °C. 
The type of Testliner basepaper samples were produced exothermic reactions 
at the temperature peaks of 166,25 °C, 331,05 °C and 531,89 °C and 
endothermic at 103,28 °C, 233,60 °C as well on 350,98 °C.  

The heatflow (mW) of DSC test suggested that different chemical structures of 
the samples attribute to different values were realised through the marginal 
pyrolysis processes. The cellulose displayed 1,55 mW, 16,05 mW and 48,21 
mW values under the exothermic reactions and to the endothermic were 
connected by 5,62 mW, 3,23 mW and 11,36 mW (Hf) values. Type of Kraftliner 
basepaper showed 0,58 mW, 7,9 mW and 15,53 mW at the exothermic and 
2,47 mW, 0,78 mW and 7,92 mW in case of endothermic reactions. The 
Testliner basepaper samples were produced 0,44 mW, 7,34 mW and 13,03 mW 
values were connected to the exothermic reactions and 0,83 mW, 0,71 mW 
and 7,66 mW were recorded as endothermic. At the Kaolin and CaCO3 were no 
signifcant experimental results were observed, consequently it has no special 
influenced effect on the result of the complex chemical systems. The heatflow 
values also can refer to the charring process of the samples. Those exothermic 
reactions which were monitored, showed that the change of the cellulose 
content ratio, the values were higher. This difference might be due to the 
inherent variance among the chemical structure of the main components 
(cellulose, hemicellulose and lignin), for example hemicellulose appeared more 
C-O contained organics compounds, while higher contents of OH and C–O was 
found with cellulose and more methoxyl –O–CH3 with lignin. 

The thermal analysis was convenient and repeatable with the samples in 
various condition and useful method for characterizing heterogeneous organic 
materials and it was investigated for identification of basepapers according to 
the behaviour of the main components of the paper. 
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Abstract: Plastics make up an integral part of everyday life, with the packaging 

market representing by far the largest end-use sector. Yet, these materials have 

been under environmental scrutiny for some time, with the fossil origin of 

plastics, biodegradability, single-use applications and plastic pollution being 

major areas of criticism. For these reasons, more sustainable solutions are 

being investigated. To address the issue of fossil resources, biomass-derived 

2,5-furandicarboxylic acid (FDCA) is seen as having potential for the packaging 

market as it is the precursor of poly(ethylene furanoate) (PEF), which in turn is 

considered a suitable substitute for poly(ethylene terephthalate) (PET). FDCA 

as the precursor of a potentially more sustainable alternative to PET is 

emphasized, especially by industry experts, who even refer to it as a “sleeping 

giant”. Nevertheless, FDCA-based products have not yet made it to the market 

on a commercial scale, and efforts in this area currently don’t go much beyond 

R&D activities. Thus, this study attempts to determine how this potential 

attributed to FDCA might be unfolded in the future, and what challenges and 

opportunities might be expected along the way. For this purpose, 42 experts 

from different areas along the potential value chain of FDCA/PEF participated 

in a backcasting workshop and were surveyed about their future visions 

regarding the utilization of this molecule. The results show that academics and 

practitioners see great potential for FDCA-based products in the future, 

particularly as a replacement for PET. Economic aspects, such as costs, but also 

challenges in production and technology development are mentioned as the 

main barriers to FDCA market introduction. Interestingly, experts from FDCA 

synthesis and material development mainly refer to market applications for 
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FDCA in their vision of the future. In turn, the future vision of FDCA application 

experts mainly covers developments in the areas of production, technology, 

and research, as well as increased environmental sustainability. To overcome 

these barriers, political regulations and the roles of society and consumers are 

considered to be the most important factors. These results demonstrate the 

importance of cross-disciplinary collaboration among stakeholders and 

coordinated innovation and research activities along the entire value chain to 

develop a shared vision for the future of FDCA and, accordingly, to successfully 

bring FDCA-based products to the market. Subsequent research activities could 

contribute to more sustainable packaging solutions in the future by performing, 

for example, technology roadmapping techniques and sustainability 

assessments of FDCA product candidates. 

Keywords: FDCA, FDCA-based products, sustainable packaging 
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Abstract: MyCol company is developing screen printable irreversible 

thermochromic ink for temperature indicators. Such indicators indicate heating 

beyond the prescribed temperature even also in otherwise inaccessible places. 

The labels can be produced in large quantities and are easy to handle. However, 

environmental influences, such as UV and visible light, abrasion, exposure to 

water and other chemicals, can largely reduce or even cancel the coloration. 

Reduced coloration and possible loss of functionality due to water is the most 

important factor in many applications. This work presents the effectiveness of 

various protective coatings applied to the thermochromic indicator layer, 

focusing on protection from moisture and water.  

Keywords: printed temperature indicators, hydrophobicity, contact angle, 

functionality, additives. 

1 INTRODUCTION 

Several industrial processes require a simple proof that a product was heated 
over the prescribed temperature. Objects in closed spaces where no other 
technology is applicable to detect the temperature to which such a sample was 
heated are the most interesting. These applications do not need very tight 
temperature tolerance. It is more important for the labels to be easily applied 
and closely attached to the sample surface. The proof of the thermal history 
should be clearly recognizable by naked eye or by video control. The perfect 
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solution for such demands is a thermochromic printing ink that permanently 
changes colour when heated over the prescribed / controlled temperature. 
Such an ink could be used for indicator labels, when the change of colour is 
large enough in all conditions that may occur.  

MyCol company is currently developing irreversible thermochromic printing 
ink for various activation temperatures above 60 °C. The prints are opaque 
white and permanently colour when heated over the activation temperature. 
However, it is sensitive to moisture and water drops which may considerably 
influence the functionality of the labels. This drawback drove us to develop a 
hydrophobic protection layer. It must be fully compatible with the indicator 
layer which means not only good adhesion on its surface, but also other 
properties, i.e., it must not inhibit the colouration of the indicator layer. A part 
of this extensive research and development is described here. 

2 MATERIALS AND METHODS 

2. 1 Indicator layer  

The irreversible thermochromic ink was synthesized using the original recipe 
of MyCol company and designed to indicate heating over 70 °C. The active 
material is entirely organic and 2-hydroxyethyl cellulose (HEC) was used as the 
binder. The ink was screen printed on polypropylene foil (MR BOPP 60 BELA P 
GL 60, Muflon, Slovenia) and paper (MP CHROM 80 F KR80, Muflon, Slovenia) 
in 1x1 cm squares and dried at ambient conditions. Here we evaluate the ink 
that develops black colour, but some other shades are also possible. 

 
Figure 1. Temperature dependent coloration (E) of the indicator. 

The temperature-dependent coloration of the indicator layer (Figure 1) shows 

the total colour difference (E) of the sample before and after heating at 
temperature T. The samples were kept at the selected temperature for 15 
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minutes inside a temperature-controlled laboratory oven in 5 °C steps (Kambič, 
Slovenia); additional point was included at 67 °C. The measurements were 

made at room temperature using i1 spectrometer (X-Rite). E was calculated 
in the CIELAB colour space (Schanda, 2007). 

2. 2 The influence of water on the functionality of indicator layer 

A water drop could appear on the surface of the indicator layer and dry on it. 
This may happen before heating, when the indicator layer is white, or after 
heating when it is coloured. The consequences are shown in Table 1. 

Table 1: The influence of water on the functionality of the indicator. Water was 
dropped on the indicator before (left) or after activation with heating at 80 °C (right). 
The results obtained on paper and foil substrates are shown in upper and lower row, 
respectively 

 Water dropped on virgin indicator Water dropped on activated indicator 

Virgin Drop Dry Heated Virgin Heated Drop Dry 

P
a

p
er

 

       
 Fo

il 

 
Unactivated indicator layer is white and colours when heated above 70 °C 
(Figure 1). If the water drop dries on the white indicator, this part of its surface 
develops a smaller coloration with heating, but this effect does not happen on 
indicator printed on foil. If the water drop dries on the activated (coloured) 
indicator, the coloration of the corresponding surface diminishes, more on the 
paper substrate and less on the foil.  

2. 3 Preparation of protective layer  

A hydrophobic protective layer was applied to protect the indicator layer from 
detrimental effects of water and tested for efficiency. Selected commercially 
available coatings were used as well as a laboratory mixture of the binder and 
some selected hydrophobic additives. The commercially available substances 
were two functional-blend hydrophobic waxes Wükoseal® (Münzig Chemie, 
Germany). The laboratory made protective coating was HEC based binder with 
4 different additives using recommended concentrations. This way 6 protective 
coatings were formulated, giving 7 samples in total (Table 2). The protective 
coatings were applied over dry indicator layers using 4-sided dumb-bell film 
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applicator (PA-2040, BYK-Gardner, Germany) with 100 µm clearance. All layers 
were dried at ambient conditions for 1 day. 

Table 2: Protective coatings: base materials and additives. 

Sample Base material Additive Additive concentration 

1 / - - 

2 Wükoseal® 805 - - 

3 Wükoseal® 1512 - - 

4 HEC TP 1500 N 4.5 wt% 

5 HEC TP 1650 6.0 wt% 

6 HEC Wükoseal® 1512 0.75 wt% 

7 HEC Wükoseal® 805 0.75 wt% 

 

2. 4 Coloration measurements 

The colour difference (E) was measured between unheated and heated 
sample (80 °C). The measurements were made for three situations of the same 
sample – with no influence of water, with water drop dried on unheated 

sample and the one dried on heated sample. This gives three E values for each 
sample, showing the influence of water on the functionality of the same 
indicator in the three possible situations that may occur in a real application. 

2. 5 Contact angle measurements 

The hydrophobicity of the protective layer was evaluated by pendant drop 
technique and expressed by contact angle between the water drop and sample 
surface (Hu & Larson, 2002; Kaplanová et al., 2008). The optical tensiometer 
One Attension Theta (Biolin Scientific, Sweden) was used for these 
measurements. The contact angle was evaluated at 1, 5- and 60 s after the 2 
µL drop land the sample surface. For each result, the readings obtained with 4 
drops were averaged.  

3 RESULTS AND DISCUSSION 

The coloration of indicators (Figure 2) depends on the substrate and on the 
protective layer. On paper, the unprotected sample (1) loses its functionality 

(E < 10) if water is absorbed either before or after heating (see also Table 1). 

The protection layer causes lower E in all studied cases, except on sample 2, 
where the protection from the influence of water is the highest. On foil, the 
best protection is for sample 3 and similar for sample 7. 
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Figure 2: Coloration of samples (Table 2) without water (blue), and with water drop 

dried on unactivated (red) and on the activated states (green). The indicators were 

printed on paper (left) or on foil (right). 

  

  
Figure 3: Contact angle of the samples (Table 2) printed on paper (top) and foil 

(bottom) before (left) and after activation (right), measured at 1, 5 and 60 seconds 

after drop formation. 

The contact angle was measured on activated and unactivated samples in 
periods 1-, 5- and 60 s after formation of the drop (Figure 3). Within this period 
of time the drop spreads clearly on samples 6 and 7, but smaller effect was 
observed elsewhere. The contact angle is the smallest on foil, falling below 80° 
after 60 seconds on samples 3 and 7, but remains above 80° in all other 
samples. The largest contact angle is about 130° and remains stable for the 
analysed period of time for samples 4 and 5 on paper and 4 on foil before 
activation. 
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4 CONCLUSIONS 

A good irreversible thermochromic temperature indicator develops large 
enough colouration when heated above the controlled temperature which 
must not be influenced by external factors other than temperature. Here we 
analysed the influence of water and the protection needed to assure the same 
coloration regardless of when the droplet was dried on the surface, before or 
after heating.  

In our example, an unacceptable detrimental effect of water on colouration of 
indicator layer was observed. Therefore, a hydrophobic layer was applied to 
try to protect the indicator layer from the detrimental effects of water on the 
functionality of the temperature indicator.   

The results show that all the applied coatings are in fact hydrophobic, but this 
may not necessarily protect the indicator layer against losing the functionality, 
i.e. diminishing the colour contrast between unheated / unactivated (white) 
and heated / activated (coloured) states. However, one of the used protective 
layers appears to be very good for indicators printed on paper. 

One of the possibile explanations could be that the water droplet protrudes 
through the hydrophobic layer and causes an effect in the indicator layer. This 
requires a deeper research on the layer surface and other possible reasons for 
the cause of the observed phenomenon. 
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Abstract: Paper is one of the most common solid waste items, and recycling it 

is relatively inexpensive and straightforward. By limiting the flow of waste 

papers to landfills, recycling waste papers helps to reduce pollution. Recycled 

and reused waste papers are significant low-cost fibre resources (raw 

materials) for the pulp and paper industry. In the recycling of recovered paper, 

enzymes have been proposed as an environmentally kind alternative to 

standard chemical deinking. Enzymes have the potential to minimize chemical 

demand while also lowering process costs and environmental impact. The 

production of paper for packaging is increasingly focused on using alternative 

biomass as a source of pulp. Agro-waste, urban green cuts all pose a potential 

source of alternative fibres. In our research, we have investigated three 

different paper samples made from tomato stems (120g/m2), Robinia pseudo 

acacia (120g/m2) and miscanthus (125g/m2) printed with water-based flexo 

inks used in paper packaging. We performed two parallel deinking tests 

according to ISO 21331:2020 and ISO ISO 21933:2020, and one alternative also 

involved an enzymatic pretreatment of the samples. The mechanical properties 

of all papers showed an increase after enzymatic treatment, while the 

traditional chemical treatment resulted in better optical properties, but still 

with a large colour shade offset due to remaining ink particles.  

Keywords: alternative fibres, deinking, enzymes, flexography  
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1 INTRODUCTION 

Wastepaper recycling is both environmentally and economically beneficial 
since it reduces the consumption of forest-based raw materials and the 
amount of old paper in landfills (Makinen et al., 2013 & Kumar et al., 2017). 
Because most energy is consumed during pulping of virgin fibre raw materials, 
recycling waste paper uses 28–60 per cent less energy than virgin fibre 
papermaking. An efficient wastepaper collection system can achieve a high 
recycling rate. Europe has the highest recycling rate of paper and paperboard 
at 71.7 per cent, while North America, Asia, and Latin America have the lowest 
rates (EPRC, 2020). On the other hand, the constant rise of the price of wood 
pulp and the need for a more circular economy drives biomass sourcing to 
other alternative sources. In addition to increasing the use of the number of 
fibres in papermaking, fibres are also very sought in composite manufacturing, 
where fibres are added to synthetic polymer materials (plastics). This 
application reduces the consumption of non-biodegradable plastics and 
improves the toughness and strength of plastic materials. Also, more than half 
of the woody biomass in the EU is used for energy sourcing. 

Alternative sources have been already used for print and packaging 
applications (Karlovits et al., 2021). While studies on these alternative fibre 
papers are well known for several biomass types (Adriansee and Morsink, 
2007, Neclaw et al., 2010, Azeez 2018; Abd El-Sayed, El-Sakhawy, and El-
Sakhawy, (2020)), their deinking efficiency is not. For example, most of the 
deinking studies were done on hydrophobic inks used in offset printing (mainly 
in newspaper printing), but in packaging printing, hydrophilic water-based inks 
are used for paper packaging printing. The dispersion of the hydrophilic inks 
into submicron particles has been shown to result in drastically reduced ink 
separation by flotation and redeposition of the ink onto the fibre. Conventional 
flotation is currently the dominant separation method for inks during paper 
recycling, and this type of flotation has an optimal particle size range of about 
30-250 microns. As mentioned, this is ideal for the inks used for offset printing 
but is not suitable for submicron hydrophilic ink particles. Other forms of 
flotation for removing smaller particles are significantly more expensive and 
tend to drastically reduce the loss of paper fibre during the separation (Lee, 
2014). The utilization of enzymes in the deinking process reduces deinking 
chemicals while also lowering the discharge of hazardous substances into the 
process water. Bio-deinking by enzymes is an environmentally friendly process 
that improves pulp and paper properties and reduces chemical consumption 
during waste paper recycling. 
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Enzymatic deinking results in cost reductions, efficient ink particle separation, 
and improved strength qualities (Gao et al., 2018 & Hasanin et al., 2020). 
According to Bajpai (2014), enzymes have been proposed as an 
environmentally beneficial alternative to conventional deinking chemicals. 
Enzymes have the potential to minimize chemical demand while also lowering 
process costs and environmental impact. Cellulases, pectinases, amylases, 
lipases, esterases, and laccases are examples of these enzymes. Because 
flexographic and other hydrophilic inks cannot be removed by flotation, a high 
proportion of hydrophilic inks poses a severe problem for the deinking process. 
Optimization of pulping conditions, including the employment of several types 
of enzymes, is one such problem. Existing solutions, however, have not been 
able to eliminate the reduction of pigmented inks on recycled paper deinking 
(Hsieh, 2012). Lee et al. (2013) were also unsuccessful in their research since 
they used a qualitative approach. 

2 MATERIALS AND METHODS  

Our study compared deinking processes by using classic deinking chemicals 
and specific enzymes (cellulase, enzyme mixture). We investigated which 
treatment was more efficient by determining the optical and mechanical 
properties of the deinked papers. For substrates, we have used three types of 
papers produced on a pilot paper machine from agro-waste residues (tomato 
stems), urban green cut residue (acacia) and dedicated grow non-woody crop 
miscanthus. The papers have been produced at the Pulp and paper Institute, 
and their properties are presented in Table 1. 

Table 1: Mechanical properties of treated and untreated Miscanthus, Tomato and 
Robinia pseudo acacia paper 

Parameter Miscanthus 
Black Locust (Robinia 

pseudoaccacia) 
Tomato 

stem 

Grammage (g/m2) 125 120 115 

Hardwood pulp (%) 0 30 40 

Softwood pulp (%) 33 30 40 

Freenes of pulp (SR) 25 25 27 

Alternative fibers 
(%) 

67 40 20 

Cationic starch (%) 0.75 1 1 

Fillers (%) 0 10 5 

Surface sizing (%) 2 3,5 4 
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2. 1 Sample printing 

Samples were printed with water-based flexographic inks (Doneck) on a 
laboratory flexo printer IGT F1 with the printing form thickness of 1.7 mm HD 
Flexo was used and with 0.6 m/s printing speed, printing force of 120N and 
anilox force of 60 N (the anilox had 80L/cm) which results in 8.5ml ink transfer 
on m2). We have used just blue ink (to more easily control the colour 
coordinates as the paper has a distinct colour shade). The used inks had a 
viscosity of 20s measured with ISO Cup 4. All samples due to the same printing 
conditions had the same transferred ink quantity. 

2. 2 Deinking process  

Samples were merged and cut to pieces of 2x2 cm. Dry matter, according to 
the standard EN 14346: 2007, was also determined. Each sample weighed 75 g 
of absolutely dry matter. The deinking process was carried out by slightly 
modified standards ISO 21331:2020: ISO 21892:2020 and ISO 21993:2020. 

Chemical deinking process  

During the experiment, we used the following chemicals: sodium hydroxide 
(NaOH), oleic acid, sodium silicate (Na₂SiO₃) and hydrogen peroxide (H₂O₂). 100 
mL of H₂O₂ was added into the solution of chemicals (400 mL), and the mixture 
was diluted with water to a volume of 1500 mL. 75 g of absolutely dry sample 
was added to the mixture of chemicals during constant stirring at 3000 rpm in 
a thermostat spreader (T = 45 °C, time of mixing 20 minutes). The temperature 
was maintained by using a water bath. Once the dissolution was completed, 
the mixture was stabilized in a water bath for 60 minutes at a constant 
temperature of 45 °C. Based on the standard, the recommended pH value was 
during pulping is 9,5 ±0,5 and during flotation > 7,5. The next step was the 
flotation of the previously dissolved sample, which took place in a flotation cell 
in the presence of water (18 L). After the flotation process, laboratory paper 
sheets were prepared.  

Enzymatic deinking process  

75 g of absolutely dry sample was added to 1500 mL of water and solution of 
chemicals during constant stirring at 3000 rpm in a thermostat spreader (T = 
45 °C, time of mixing 5 minutes). The temperature was maintained by using a 
water bath. After 5 minutes of mixing the sample and chemicals, we were 
added 100 mL of enzyme dilution we pre-prepared (98 mL of water was added 
2 ml of the enzyme, at temperature 55 °C) and let it work for 30 min at 55 °C.  
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2. 3 Analysis of optical and mechanical properties  

ISO brightness and CIE L*a*b* coordinates of laboratory paper sheets were 
measured using WinPaper Elrepho 450 X Datacolor spectrophotometer. CIE00 
delta E formula was used to determine the quality of the deinking process as 
the starting papers are not bleached and have distinct colour shades. The 
mechanical properties of the deinked samples were determined on the 
deinked laboratory sheets obtained after different treatments: grammage (ISO 
536:2012), thickness (ISO 534:2011), specific volume (ISO 534:2011), tear index 
(ISO 1974:2012), elongation at break (ISO 1924- 2:2008) and tensile index (ISO 
1924-2:2008), ISO brightness (ISO 2470-1) and colour differences (ISO 
11664:2014). The properties of the laboratory paper sheets were determined 
at the temperature of 23 °C and 50% relative humidity.  

3 RESULTS  

The mechanical properties of the deinked samples are presented in Table 2. 

Table 2: Mechanical properties of treated and untreated Miscanthus, Tomato stem 
and pseudo-Accacia paper 

 Before 
deinking 

After 
deinking 

Before enzymatic 
deinking 

After 
enzymatic 
deinking 

MISCANTHUS  

Grammage (g/m2) 43.9 43.8 43.9 40.08 

Thickness (um) 149.7 143 136.0 149.0 

Specific volume (cm2/g) 3.41 3.26 3.09 3.72 

Tear index (mPam2/g) 3.12 3.28 3.26 3.57 

Tensile index (Nm/g) 45.43 47.58 50.90 53.72 

Tensile lenght (m) 4631 4850 5188 5476 

TOMATO  

Grammage (g/m2) 39.9 41.7 45.7 44.3 

Thickness (um) 156 144 153.8 138 

Specific volume (cm2/g) 3.91 3.45 3.37 3.12 

Tear index (mPam2/g) 2.42 2.43 2.54 2.82 

Tensile index (Nm/g) 33.0 34.59 38.21 38.95 

Tensile length (m) 3364 3526 3895 3971 

ACCACIA  

Grammage (g/m2) 43.2 42.7 40.5 34.3 

Thickness (um) 150.8 137 136 136.5 

Specific volume (cm2/g) 3.49 3.21 3.36 3.98 

Tear index (mPam2/g) 1.04 1.06 1.16 1.12 

Tensile index (Nm/g) 20.40 20.78 20.70 20.93 

Tensile length (m) 2079 2118 2110 2125 
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Based on the mechanical properties results of the paper, an improvement with 
the addition of the enzyme is observed. Comparing enzymatic deinking and 
without enzyme shows that the enzyme has favourable properties to improve 
the following parameters: tear index, tensile index, and tensile length. As the 
papers made from alternative fibre sources have a distinct colour shade with 
low ISO whiteness as they are not bleached to have a more sustainable paper 
production, we have measured the effect of the deinking with also focus on 
the colour differentiation deinked papers. The results are presented in Figure 
1 and Figure 2. 

 
Figure 1: ISO Whiteness % 

 
Figure 2: Colour difference ΔE00 
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From Figure 1. We can observe that the chemical deinking and the enzymatic 
pretreatment have increased the overall ISO Brightness of the samples in 
comparison with the base paper, which is an average effect due to the 
presence of hydrogen peroxide. The use of the enzymes lowered the effect of 
the chemical bleaching, resulting in lower values for all types of papers, as 
shown in Figure 2. We can see that all the paper, regardless of the enzymatic 
pretreatment or with the pure chemical and floatation deinking, had very high 
observable colour differences (over ΔE00 6), indicating that after deinking, the 
paper shades are entirely completely different than the starting one. Using just 
one type of inks (blue) affected the CIE b* colour coordinate, where the highest 
differences were measured. As miscanthus had a very distinct yellowish 
starting point, the highest colour difference of the paper's colour shade was 
confirmed due to the lowering of the higher b* value to lower (more neutral 
ones). This effect was partly due to the bleaching effect and partly by the 
remaining flexo ink particles, which was noticeable that the deinked papers 
had a blueish colour shade. 

4 CONCLUSIONS  

The deinking study of the three papers developed and made from alternative 
sources intended for packaging purposes where the print is expected showed 
that the enzymatic pretreatment is beneficial regarding the mechanical 
properties of the paper obtained after deinking. Based on the results, we can 
see that the paper has slightly better properties after enzymatic deinking in 
terms of mechanical properties. Even though we did not achieve the expected 
results in removing flexo inks, a good result is that the quality of the paper 
remains the same or even improved. The efficacy of the enzyme was not 
satisfactory. We suggest optimization of the deinking process, especially in 
terms of time and activation of the enzyme, and at the same time, other types 
of enzymes should be tested. We believe that the enzyme also depends on the 
type of paper, for us specifically, because it is an alternative source of cellulose 
(lignocellulosic biomass) and contains impurities, which may affect the activity 
and efficiency of the enzyme. 

On the other hand, the optical properties were lower with the enzymatic 
pretreatment. The conventional treatment increased the ISO whiteness of the 
unbleached papers but opened up a particular challenge in reusing the 
unbleached alternative fibre papers in the packaging printing. The significant 
colour differences between the base papers made from alternative sources can 
cause problems with colour reproduction due to a large colour shade change 
which inevitably influences colour reproduction and standardization efforts. 
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Abstract: In the last decades, we witnessed a continuous global increase in the 

consumption of plastics, with the packaging sector being a large contributor to 

this effect. However, while plastic packaging presents positive aspects, and is 

commercially advantageous, its sustainability is a concern. Associated with 

this, we have a traditional practice of linear economy use of plastic packaging, 

designed for single-use and with little planning for end-of-life (EOL) 

management. Because of these factors, boosted by an irresponsible societal 

behavior with plastic waste, casually thrown in the street or in nature, a global 

environmental pollution crisis ensued. It is thus imperative and urgent that 

plastic packaging evolves past its current unsustainable state. To dissociate the 

use of plastics from direct environmental pollution, preserve and optimize 

existing resources, and maintain the economic value of polymeric materials, it 

is vital to increase circularity in the packaging sector. This change can be 

achieved through circular economy strategies. To evaluate their effect, many 

assessments and monitoring tools exist, including circularity indicators. 

However, the plethora of such tools in the literature have mismatched 

calculation methodologies, take considerable engineering expertise, and focus 

only on some aspects of the product life cycle. This paper provides an analysis 

of relevant circularity micro-indicators specifically for the packaging sector, 

while identifying guidelines and good practices for packaging. This study aims 

to contribute to the packaging sector transition to a more circular economy.  

Keywords: circular economy; circularity indicators; packaging; plastics 
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1 INTRODUCTION 

Packaging waste is one of the critical problems that is leading the plastic 
environmental pollution and a focus of the U.N. sustainable development 
goals. In 2019, the total European (EU28+NO/CH) plastics converters demand 
were 50.7 million tonnes, where packaging (39.6%) by far represents the 
largest end-use markets. In 2018, 17.8 million tons of post-consumer plastic 
packaging were collected, which corresponds to more than half (61%, 
approximately) of post-consumer waste collected that year. In 2018, most 
packaging wastes are recycled (42%) or incinerated (39.5%) with energy 
recovery; however, this last technique is not viable due to toxic gases released 
during combustion (Dintcheva, Infurna and D’Anna, 2020). 

Furthermore, packaging uses many types of polymers, almost all non-
biodegradable. The material diversity and incorporated additives brings added 
problems to the recycling process, since each material varies in properties and 
reprocessing conditions (Casarejos et al., 2018). “The transition from the 
dominant linear economy to a model grounded in circularity by intention and 
design can build a new essential foundation for the market economy and 
packaging utilization” (Casarejos et al., 2018). 

With a transition to the circular economy comes up the necessity to develop 
tools that aid the monitorization of this transition. In this context, the 
progression to a circular economy can be measured through circularity 
indicators (Saidani et al., 2019; Lonca et al., 2020). Different authors (De 
Pascale et al., 2021; Kristensen and Mosgaard, 2020) reviewed the most 
relevant micro-level CE indicators in the literature. According to these authors, 
there are about 30 circularity indicators to calculate a product’s or company's 
circularity. However, not all are relevant to the packaging sector. 

2 LEGISLATION FOR CIRCULAR PACKAGING IMPLEMENTATION 

In October of 2018, Europe established the “Plastics Pact”, that consists in a 
local and regional initiative network that gathers the main stakeholder to 
implement solutions to one circular economy on plastics. Also, the new 
directive EU 2018/852 about packaging waste defined more ambitious 
sustainability goals. Last, in 2019 we had the Directive on the Reduction of the 
Impact of Certain Plastic Products on the Environment (EU 2019/904), the 
adoption of the single-use plastics directive, and the European green 
agreement of the UE commission. Consequently, to implement a circular 
economy in the packaging sector it is necessary to: (1) eliminate the 
unnecessary packaging through design reformulation and new delivery 



189 

models, (2) reduce discarded packaging and implement reutilization models 
where relevant, (3) implement 100% reusable, recycling or compostable plastic 
packaging, (4) disengage plastic material produced with finite resource 
consumption, and (5) prohibit dangerous chemical products in plastic 
packaging (Ellen MacArthur Foundation, 2020).  

3 CIRCULARITY MICRO-INDICATORS RELEVANT FOR PACKAGING 

We based our assessment on a compendium and categorization of existing 
circularity micro-indicators (Kristensen and Mosgaard, 2020), which defined 9 
categories: recycling, remanufacturing, reutilization, life extend, resource 
efficiency, end-of-life (EOL) management, waste management, disassembly, 
and multidimensional indicators. Considering these 9 circular economy 
categories and focusing on the most common packaging (e.g. films, containers, 
and discardable packages), only four categories are directly applicable, namely 
recycling, waste management, EOL management, and Resource Efficiency. 
Here we consider the general use of packaging, such as a film or container for 
protection, storage, and accumulation of a product to be consumed, and not 
necessarily some very specific and customized forms of packaging. A 
representative schematic of the selected micro indicators is shown in Figure 1. 
The extensive list of source references with definitions of the micro-indicators 
can be found in the aforementioned review (Kristensen and Mosgaard, 2020). 

From an analysis of each micro-indicator, we identified the most relevant for 
the packaging sector: Material Circularity Indicator (MCI), Recycling Index (RI), 
Reuse Potential Indicator (RPI), Circularity Calculator (CC), and Value-Based 
Resource Efficiency Indicator (VRE). These are all in the Recycling or Resource 
Efficiency categories. Other also relevant micro-indicators are: Model of 
Expanded Zero Waste Practice (EZWP), Material Reutilization Score (MRS), Eco-
cost /value Creation (EVR) and Typology for Quality Properties (TPQ).  

The MCI is relevant as it measures the materials flow considering the recycled 
content linked to the waste and its usefulness. The RI considers the total rate 
of recycling and recuperation of the product and recycling rate of the individual 
materials contained in the product. The RPI evaluates how similar the 
recovered material is to a waste or a resource (usefulness of the material 
between 0 and 1, where 0 means that all materials can be the disposal of 
because this material is similar to the wastes, and 1 means that all materials 
can be recovered because it resembles one resource). The CC calculates the 
recycled content of the product, considering the recycled content 
contributions through the original product and the recycled content, 
evaluating thus the potential value captured by the circular business model. 
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The VRE focuses on non-sustainable entry values to the economy in relation to 
the product, as energy, raw material, etc. 

 
Figure 1: Micro-indicators relevant for estimating the circularity of packaging 

products (micro-indicators in bold black text are the most relevant, in regular black 

text are relevant, while grayed text ones are not relevant for the packaging sector).  

The EZWP is relevant for the packaging sector because this indicator provides 
guidelines to promote circularity through the evaluation of the waste 
reduction hierarchy. The MRS depends on the amount of the material that is 
recyclable, biodegradable, and compostable to calculate a product’s circularity. 
The EVR considers the resource efficiency by the eco-costs and value rate; 
however, this indicator is complex because it depends on an LCA evaluation to 
calculate the eco-costs. The TPQ is a tool that evaluates the properties of the 
inherent, designed, and created quality of materials, components, or products 
to improve the resource efficiency. The SDEO evaluates product design and 
how it facilitates the EOL management processes, through costs, revenues, 
environmental and social impact.  

4 GUIDELINES AND CONCLUDING REMARKS 

Most micro-indicators evaluate parameters related to waste recovery when 
calculating circularity. For example, the amount of material collected for 
recycling or incineration, the value returned with product recycling, and the 
cost of waste recovery. The second most common parameters in the indicators 
are related to sustainable raw materials in the product. These parameters 
involve the amount of recycled or biodegradable materials, the content of 
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harmful additives, and cost and value of raw materials. A third also common 
set of indicator parameters is related to the recycling process efficiency. Last, 
a few micro-indicators relevant for packaging also evaluate parameters related 
to product and waste production prevention, easy separation of components, 
and unrecoverable waste production. From the evaluation of these 
parameters, we can identify guidelines and good practices to improve the 
circularity of packaging products: 

• Packaging should contain recycled or biodegradable materials. These 
materials should not contain toxic elements, such as harmful additives, and 
should be recovered by the available EOL techniques, always bearing in 
mind the recovery of resources, and never their elimination. Further, 
recovery should be efficient and not produce unrecoverable waste. 

• Packaging products should contain a design that allows easy separation of 
materials and components whenever it is vital to include different types of 
polymers. The plastic waste generated during the production process of 
packaging itself should be reduced to the minimum. 

• At the EOL, waste should be recovered and applied in the conception of 
the same packaging product when possible, closing the resource cycle, or 
applied in other packaging products to reduce the use of virgin polymers.  

• After that, following circular economic principles, the packaging product 
design should feature only one type of polymer in the same product and 
follow universal design solutions between different brands of that same 
packaging product to facilitate the recycling process.  

As recycling is not the only solution for reducing packaging plastic waste 
pollution, producers and consumer associations should create collection 
locacations and/or promote packaging reuse whenever possible, for example 
allowing refill when packaging does not become contaminated through use. 

Through the increasing implementation of circular economy principles, 
reflected in the provided list of guidelines, we believe the packaging sector can 
shift towards a sustainable (and more circular) future, vital for modern society. 
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Abstract: There is an increasing need for efficient monitoring methods that 

assist the transition for new business models with Circular Economy at its core. 

A new tool was proposed to a company that operates in the flexible plastic 

packaging and has its own recycling process. The tool was applied to a product 

and to the inflow material of the recycling facility. The results were promising 

by showing clear improvement points along the process and enhance 

accountability along the product life cycle between all the entities that are 

involved. 

Keywords: flexible packaging; circular economy; sustainability; business 

strategy control; metrics and measuring tool; recycled polymers  

1 INTRODUCTION 

The most recent steps towards Circular Economy are taking place across the 
world, with a consistent and motivating momentum. Several cities, regions, 
countries, or full continents are committing to this new, responsible, and more 
efficient way of supporting our economic, financial, social, and environmental 
systems. In fact, Ellen MacArthur Foundation arguments that to reach the 2050 
goal of net-zero emissions, set by many geographies in the Paris Agreement 
2015, Circular Economy, as a systemic approach, is responsible for a staggering 
45% of that decrease, with the following 55% related energy source and 
energy-efficiency measures. (Ellen MacArthur Foundation, 2019)    
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Up to date, the most consensual definition for Circular Economy was proposed 
by Ellen MacArthur Foundation, an organization that pioneered in several 
matters across the circular economy spectrum. Their definition: 

“A circular economy is an industrial system that is restorative or regenerative 
by intention and design. It replaces the end-of-life concept with restoration, 
shifts towards the use of renewable energy, eliminates the use of toxic 
chemicals, which impair reuse and return to the biosphere, and aims for the 
elimination of waste through the superior design of materials, products, 
systems and business models.” 

Another relevant definition considers the two different sensos that (Moraga et 
al., 2019) finds to exist in Circular Economy, sensu stricto and sensu latu. Firstly, 
sensu stricto refers to the technical aspect of the materials, where the most 
operational measures are implemented, like slowing down and closing the loop 
of the products life cycle. Secondly, the sensu latu considers that the Circular 
Economy is a tool of a much broader theme named Sustainability, reason why 
it must have strategical thinking from upper layers inside organizations (public 
or private) to guarantee that new operational measures referred to sensu 
stricto do not fall into irrational trade-offs where the solution ends up being 
worse than current practices for the overall system. Due to this reason a 
relevant definition was proposed by (Van Buren et al., 2016):  

“A circular economy aims for the creation of economic value (the economic 
value of materials or products increases), the creation of social value 
(minimization of social value destruction throughout the entire system, such 
as the prevention of unhealthy working conditions in the extraction of raw 
materials and reuse) as well as value creation in terms of the environment 
(resilience of natural resources).“ 

The scope of this work is applied under a business context, with a collaboration 
of Silvex, a company that operates in the flexible plastic packaging industry. 
Under the adopted Circular Economy definition, (Van Buren et al., 2016), the 
goal of this work was to develop a metric that several layers of the company 
could follow to promote progress towards more sustainable practices.  

Parallel to the manufacture of products, Silvex also as a recycling facility that 
receives flexible plastic waste in bales and turns it into plastic pellets for the 
beginning of a new life cycle for products. It is vital for the company’s business 
sustainability to measure and track transition to the circularity of their plastic 
products.  

 



195 

2 METHODOLOGY 

Among the several indicators existing in the literature, the current work 
proposes a set of seven indicators that are put together under a visual 
framework, adapted from the one presented by the consulting group BCG 
(Figure 1). (Holger Rubel, Alexander Meyer zum Felde, Jan Oltmanns and Bayer, 
2020)  

Figure 1: Seven indicators in BCG framework 

For the segment Input and Production, it is proposed to use the indicator 
%Circular Inflow Total (%CIT). This indicator represents the ratio of mass of 
material coming from recycled or renewable sources over the total material 
input. 

For the segment Product Design, it is proposed to use the indicator %Circular 
Outflow Total (%COT). This indicator considers both the design of the product 
for recovering and recycling and its effective collection through the value chain 
to re-enter the loop, calculated in mass units. 

For the segment Business model and usage, it is proposed the indicators 
Revenue CTI (Circular Transition Indicators) and the %Circular Outflow Total 
(%COT) already mentioned. Both indicators can give positive inputs into what 
are the business models that favour better circular practices. The Revenue CTI 
returns the total revenue, in monetary units, from certain 
product/sector/company that comes from circular measures. We further 
developed an additional indicator which gives the values of revenue under a 
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percentage, called Ratio CTI which is the ratio of the Revenue CTI to the total 
revenue for the object in study (product, sector, or company). 

For the segment End of Life, it is proposed the indicators CEI (Circular Economy 
Index), CAV (Circular Added Value) and RR (Recycling Rates). The indicator CEI, 
is defined as the ratio of the recycled polymer value to the expected virgin 
polymer value from the waste stream that originated the pellets after the 
recycling process, meaning value as a function of quantity and price. On the 
other hand, CAV is defined as the ratio of the recycled polymer value to the 
purchasing value from the waste stream that originated the pellets after the 
recycling process. This indicator was created to complement the CEI indicator, 
since it was quickly evident that the latter was not giving complete information. 
Both indicators are applied to the plastic bales that enter in the recycling 
facility, coming from partners as a post-consumer resin. This indicator CAV was 
created to complement the CEI indicator, since it was quickly evident that the 
latter was not giving complete information. Both indicators are applied to the 
plastic bales that enter in the recycling facility, coming from partners as a post-
consumer resin. 

Since the company buys material to be recycled based on the purity of the bale, 
it would naturally evident that the purer the bale is, the bigger CEI gets. 
However, with its purity, the price of the bale naturally changes, meaning that 
the turnover could end up being lower for higher CEI bales and higher for lower 
CEI bales, less pure. The CAV comes to play a crucial part on the negotiating of 
the waste streams, by providing an indication of the turnover for the processed 
bales, as well as understanding what is the best processing strategy to acquire 
maximum CEI and CAV at the same time.  

The Recycling Rates (R1, R2 and R3) give a useful tool for quality control of the 
bales that arrive to the recycling facility and the process itself. There are three 
different rates and R1 is the ratio of the final material that comes out of the 
process to the quantity of material that arrives to recycling. The R2 is the ratio 
of the quantity of material after the sorting process to the material that arrives 
for recycling. Finally, the R3 is the ratio of the material that comes out of the 
sorting process to the final material that comes out of all process.  

The indicators %Circular Inflow Total, %Circular Outflow Total and Revenue CTI 
are suggested by the Circular Transition Indicators report (WBCSD, 2021) and 
the indicator CEI was suggested by Francesco Di Maio (Di Maio and Rem, 2015). 
Finally, the indicators RR, Ratio CTI and CAV were developed by this work as an 
added valuable information for the company measurement of business 
sustainability. 
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The first set of four indicators %Circular Inflow Total, %Circular Outflow Total, 
Revenue CTI and Ratio CTI were applied to a Silvex product and its life cycle, 
and the second set of three indicators CEI, CAV and RR are suitable for the 
recycling facility. 

3 RESULTS AND DISCUSSION  

The first set of indicators were applied to the life cycle of Product X, belonging 
to the Coffee-Pods collecting bags range, that is a specific product made by 
Silvex. The data, for the first set of indicators was acquired during the first 
quarter of 2021 and the results for the four life cycle indicators are displayed 
in Table 1. 

Table 1: Results for Product X 

 
These results show that there is strong evidence that the partnership between 
the manufacturer and the supplier for better circularity measures is following 
promising directions. For the indicator %Circular Inflow Total, the value 
obtained means that 95% of the materials used for its production comes from 
recycled or renewable resources. The remaining 5% virgin non-renewable was 
related to the ingredient used to give colour.  

The value obtained for the %Circular Outflow Total indicates that 11.1% of the 
product was not collected or designed for recycling. For this case, the product 
is 100% designed for recycling, which means that the cause for improvement 
relies on the collection. The calculus for the %Circular Outflow Total only 
considers the products manufactured by Silvex for this specific partner. If the 
partner has different manufacturers for the same product, then those partners 
should be responsible for measuring what they put and collect from the 
market. For this product, it could only be assessed the material that came back 
to Silvex. There was no sufficient information to know if the remaining 11.1% 
was effectively collected by a different recycling facility or if it was disposed for 
incineration or landfill. Until Silvex can accurately track that information 
between the different stakeholders, which must be a collaboration between 
those involved, that remaining value will always be considered as non-
effectively collected. To improve this indicator a better share of information is 
critical between both partners. The last two indicators, Ratio CTI and Revenue 
CTI show that 91.9%, or 27 250€ of the quarterly revenue from this product 
comes from circular measures.  

Indicator 
%Circular 

Inflow Total 
%Circular Outflow 

Total 
Revenue CTI Ratio CTI 

Product X 95% 88.9% 27 250€ 91.9% 
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The second set was assumed as the recycling facility indicators to the plastic 
waste bales inflow material. It was chosen two different waste stream 
suppliers. For Silvex, this second set of indicators are assessing the quality of 
the waste streams, measured in distinct bale production runs (O1 and O2) that 
enters Silvex recycling facility. In the first pass, both orders were sorted 
separately and produced different quality of pellets. After 1st Pass, the 3D 
fraction from the ballistic separator, with the size not suitable for NIR (Near 
Infrared Spectroscopy) sorting, is mixed between order O1 and order O2, for 
further passes.  

CEI and CAV were measured, for both orders, after first and second sorting 
process while R1 were only measured once, considering the total process for 
each order. Table 2 shows the obtained results of the recycling facility 
monitoring. 

Table 2: Waste stream indicator breakdown 

Order 
Weight 

(kg) 
Bales 

Quality 

Pellets 
Order 
(kg) 

CEI CAV Pass 
Max CEI 

Theoretical 
R1 

O1 24020 98/2 
12527 0.235 1.574 First 

0.441 76% 
5722 0.334 2.238 Second 

O2 16440 80/20 
7343 0.228 0.784 First 

0.441 72% 
4529 0.368 1.268 Second 

 
For both waste streams, CEI increases by doing two sorting processes, 
however, order O2 surpasses order O1 in the final CEI. This can be explained 
because order O2 benefits from the mix of material from order O1 and finally 
getting a higher material quality for the second production run. Order O1, in 
the other hand, was harmed by this mix, obtaining worst material than it could 
produce by itself.  

Max CEI theoretical reflects the highest economical value extracted from the 
recycled polymer when compared with virgin material, is used to benchmark 
the obtained CEI. Max CEI theoretical can be calculated based in a ratio of 
market prices for highest quality recycled to virgin polymers. CAV also 
increases with the second sorting process. In this case, order O1 as a much 
higher CAV than order O2, although the CEI is the opposite.  

Finally, R1, the ratio of what was processed into pellets to what entered the 
facility, clearly illustrates that the process is far from extracting the material 
expressed in the quality of the orders. From the 98% and 80% quality for order 
O1 and O2, it could only be extracted 76% and 72%, respectively. Or the 
performance of the recycling process is still very low or bales suppliers are not 
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being accountable from the bale quality they are selling to plastic processors. 
Compliance rewards must be put into place to increase operational efficiencies 
and establish true accounting for suppliers. 

4 CONCLUSIONS 

This work allowed the formulation of a new measurement tool or metric, 
corresponding to two sets of indicators that helps Silvex to control and manage 
the transition to new business models that have Circular Economy at its core. 

The first set of four indicators is responsible to assess the life cycle of products 
along several stages and the second set of three indicators is responsible for 
controlling the efficiency and quality of the recycling process. They were both 
put into practice in real case scenarios. 

The results were promising since it could be drawn several conclusions for 
further analysis and at the same time give room to new and stronger 
collaborations between partners, a clearer share of information and a serious 
commitment for a continuous improvement of the product and the process 
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Abstract: The environmental impacts of packaging have been discussed in 

scientific literature (e.g. Civancik-Uslu et al. 2019) and among political 

authorities (e.g. European Commission (EC)) alike. Concerns regarding 

environmental impacts of packaging and overall efficiency in material use have 

led to numerous regulations and strategies, for instance the Packaging and 

Packaging Waste Directive (European Union 1994), as well as the Strategy for 

Plastics in a Circular Economy (EC 2018). However, in most cases, the function 

of packaging (e.g. product protection) can be fulfilled using alternative 

solutions, like using different materials (e.g. glass or plastics) or other business 

models (e.g. refund, refill systems), which would also support the circularity of 

products in use (Lofthouse et al. 2017). To date, there have not been many 

empirical studies approaching a comparison of the environmental impacts 

associated with these distinct solutions. This study presents a comparative LCA 

of various packaging materials (glass, PE, PLA) as well as different business 

model solutions (single-use, refill system) for a standard packaging of a 

cosmetic product. A streamlined LCA analysis from cradle to grave has been 

performed. The environmental impacts of a refill system were compared with 

the impacts of the single-use packaging solution. Due to the low level of 

technological maturity of the refill station, the environmental break-even point 

was calculated in comparison with a single-use packaging for a cosmetic 

product. The results show that switching the material to a more sustainable 

alternative can provide several environmental benefits. However, alternative 

business models have a stronger influence on the environmental impacts than 
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material selection. This does not necessarily imply that they always provide 

environmental advances, but that factors such as user frequency, customer 

loyalty and behavior are decisive. Accordingly, we propose to integrate these 

factors into the environmental assessment of packaging solutions in the future. 

Keywords: life cycle assessment, refill station, cosmetics packaging, circular 

economy, environmental break-even point 
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Abstract: Due to the increasing use of bio-based plastics in the market, also 

materials, which are partly chemically novel, are entering the established 

disposal routes for plastic waste. The majority of these chemically novel 

plastics lightweight packaging (LWP) in the German post-consumer waste 

stream is Polylactic acid (PLA) and the potentials and challenges of these 

materials must be determined. The results presented show the conditions 

under which common industrial sorting facilities can sort out PLA lightweight 

packaging waste, the challenges that arise when processing the post-consumer 

material and the extent to which they can be mechanically recycled. 

Keywords: plastic waste, lightweight packaging, NIR separation, mechanical 

recycling 

1 INTRODUCTION 

In Germany, a functioning recycling system for lightweight packaging (LWP) 
made of plastics has been in operation for three decades through the Duales 
System Deutschland. This system is set up for the known quantitative main 
fractions of polyolefins (PP and PE), polyethylene terephthalate (PET) and 
polystyrene (PS), of which a certain amount can be separated and regenerated. 
The latest material flow diagram for Germany (Conversio, 2020) reports a total 
plastic waste volume of 6.28 megatonnes (Mt), of which approx. 0.93 Mt is 
post-industrial and 5.35 Mt is post-consumer waste. LWP products are the 
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main component with 59% or 3.16 Mt. Figure 1 provides the extracted 
information and data of the Conversio report in relation to the total post-
consumer waste in Germany in 2019 and its quantitative path through the 
recycling system. 

Figure 1: Post-consumer waste stream in Germany with quantities from 2019 

(Conversio, 2020) 

More than 60 % is sent for energy recovery and almost 14 % is exported 
abroad. The remaining 25% of the waste stream is almost completely recycled 
mechanically. Of the 5.35 Mt of post-consumer waste, 19.2 % or around 1 Mt 
is subsequently put back on the market as recyclates. 

Currently, there are no valid figures for the share of bioplastics in the post-
consumer waste stream in Germany. A non-representative study (Hädrich et 
al., 2014) carried out at one German sorting facility in 2014 showed a value of 
approximately 1‰ bioplastics in the LWP stream, consisting mainly of 
polylactic acid (PLA) and thermoplastic starch (and its blends). The only valid 
data available are the global production capacities of bioplastics of the nova-
Institute (European Bioplastics, 2020), which amount to 2.11 Mt for the year 
2020, of which 47% are accounted for by the area of flexible and rigid 
packaging and thus indicate approx. 1.0 Mt of bioplastics worldwide in the 
market. Considering this amount in relation to the reported 40.4 Mt total 
volume of flexible and rigid packaging worldwide (Smithers Report, 2020), the 
market share of bioplastics is 2.5 % in this sector. 
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The BMEL1-funded joint project "Sustainable recycling strategies for products 
and waste from bio-based plastics" was initiated to contribute to closing these 
knowledge gaps and to identifying efficient recycling options for bioplastics in 
relation to the quantity in the established recycling system. The results 
presented in the following for PLA as the most widespread bioplastic in terms 
of quantity were gathered by KNOTEN WEIMAR – International Transfer Centre 
Environmental Technology GmbH and the Department of Lightweight 
Structures and Polymer Technology at Chemnitz University of Technology the 
project collaborates in sub-project 12 "BioRec – Bio-based plastics in the post-
consumer recycling stream". 

2 MATERIAL AND METHODS 

2. 1 Recovery of PLA LWP from the post-consumer waste stream 

In order to test the detectability of PLA waste in industrial sorting practice, 
tests were carried out on sorting plants. The plants were cleaned in advance 
for the sorting experiments, but all other parameters corresponded to 
standard operation (e.g. throughput 10 t per h). Due to the low proportion of 
PLA light packaging in the waste stream, approx. 2 t of the post-consumer 
waste on site was charged with 160 kg PLA LWP and mixed (cf. Figure 2).  

 
Figure 2: PLA LWP samples (left hand side), charged post-consumer waste (center) 

and mixing (right hand side) 

Two experiments carried out on the same sorting plant at B&R Bioverwertung 
und Recycling GmbH close to Erfurt are discussed in more detail. Sorting test 1 
is with sorting operation on the standard fractions in order to see which 
fraction the PLA waste is allocated to, without adaptation of the NIR scanners. 
Sorting trial 2 is after plant optimisation for PLA as a separate recyclable 

 

1 German Federal Ministry of Food and Agriculture (BMEL)  
2 Funding reference (FKZ) 22010814 on https://www.fnr.de/ 
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fraction in order to obtain the potentially possible sorting rate for PLA. The test 
set-ups and results are shown in Table 1. 

Table 1: Overview sorting test set up and results 

 Sorting test 1 Sorting test 2 

Waste input (post-consumer/PLA) 1.98 t / 0.16 t 1.92 t / 0.16 t 

Plant throughput 10 tons per hour 10 tons per hour 

Sorting fraction/s 
PE/PP 

PET 
PVC 

PLA 

PLA output in fractions 
in PE/PP: 4.3 kg / 2.7% 

in PET: 0.8 kg / 0.5% 
in PVC: 14.3 kg / 8.9% 

88 kg / 55% 

 
In preparation for the above mentioned and other sorting tests on PLA, an NIR 
spectra database of common PLA LWPs was created. This database was also 
used in sorting test 2 to modify the plant NIR scanners (UniSort P2000). A total 
of nine different PLA products (post consumer) were scanned multiple times 
and an average spectrum was determined. Figure 3 outlines the procedure 
using a drinking cup (consisting of neat PLA) and an organic-waste bag, which 
is made of a PLA compound (with approx. 50% PLA content). The PLA 
compound was selected because it is frequently used also in many LWP 
applications. 

Figure 3: NIR spectra of post-consumer beverage cup (left hand side) and organic 

waste bag (right hand side). Single spectra (red) and average spectrum (black) 

2. 2 Processing test of post consumer PLA 

In the second part of the project, the processing of post-consumer PLA LWP 
was investigated. The post-consumer PLA input material was obtained from a 
larger sorting test than described in 2.1. The material obtained was prepared 
(shredded, wind-sifted and washed) in the same way as usual post-consumer 
material before processing. A grade purity of 94.5% was determined by 
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selectively dissolving out the PLA by a partner in the joint-project. The 5.5% 
contamination was predominantly label residue (paper) stuck together with 
PLA flakes, which is a major challenge for processing. The processing test was 
carried out at SysPlast GmbH on a twin-screw extruder equipped with rotary 
filter technology at a throughput of 300 kg/h. The detailed test configuration 
is shown in Figure 4. 

 
Figure 4: Processing test configuration for processing post-consumer PLA cuttings 

with 5.5% contamination 

As a result, 226 kg of deep green PLA regranulate (cf. Figure 5) were obtained. 
The filter discharge was measured at 6 kg and there was a further 5 kg in the 
discharge screw and on the melt filter. 

 
Figure 5: Obtaind PLA regranulate (a), filter discharge (b), discharge screw (c) and 

melt filter (d) 

The obtained PLA regranulate was injected to test specimens and the 
mechanical properties were characterised and compared with a commercially 
available post-industrial PLA and virgin material PLA2003D. The results are 
shown in Figure 6. 

(a) (b) (c) (d) 
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Figure 6: Preparation of compostability test 

The post-consumer recyclate was processed after adequate pre-drying, but 
without any processing or modifying additives. Therefore, the results for the 
mechanical properties can easily be optimised at this point. 

3 CONCLUSION 

The results show that PLA can be sorted out of the post-consumer LWP waste 
stream by marginal adjustments of the plant sorting technology. The gained 
result of 55% recovery rate mentioned in 2.1. was also lowered by the test 
samples because almost all of the PLA camping forks (cf. Figure 2) were 
removed from the waste stream by fine sieve section before the NIR scanner 
line. In sorting test 1 (without adaption) a frequently mentioned and reported 
contamination of the PET stream was observed at 0.5%. However, almost 9% 
of the PLA LWP was allocated to the PVC stream. Figure 7 shows the PVC 
spectrum used at the plant together with two PLA average spectra (cf Figure 
3). 

 
Figure 7: PVC spectrum (black) of the plant NIR and and average spectra of waste bag 

(green) and beverage cup (blue) from the created PLA database 

As a possible explanation, the very sensitive sorting of PVC (flattend spectrum) 
from the waste stream can be mentioned, as it is not permitted to enter 
common waste incineration plants due to decomposing by-products during 
incineration. 
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The presented processing experiment served as the data basis for the life cycle 
assessment, which was prepared in another sub-project of the jont-project 
(Maga, 2019). The gained mechanical properties (cf. Figure 6) show that the 
reduction of tensile strength by 30% should be the primary target for 
optimisation by additives (e.g. chain extenders or stabilisers) in achieving a 
property profile that is competitive with the commercially available PLA post-
industrial material. 
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Abstract: Consumer goods are usually enclosed in protective packaging to 

protect them from vibration and impact shocks during handling and 

transportation. Bio-degradable materials such as molded pulp and honeycomb 

paper panels have emerged as formidable and sustainable alternatives to EPS. 

These materials exhibit distinct nonlinear and orthotropic behavior and can be 

characterized by a relatively high stiffness. These makes them far from being 

regarded as an ideal cushioning material. Due to the inferior paper-based 

packaging performance, the improvement of protective and cushioning 

properties relay on the structural optimization of the packaging design. With 

proper design in terms of minimizing the vibration transfer path to the product 

itself and by avoiding extensive plastic deformation it is possible to significantly 

enhance cushioning performance of paper-based packaging even at multiple 

impacts. This groundbreaking new approach has the potential to extend paper-

based packaging design to more demanding packaging applications such as 

heavy and complex home appliances and with this drastically reduce the 

consumption of EPS. The article presents a method for the experimental 

determination of the honeycomb-material cushioning performance together 

with a paper-based packaging design methodology. The proposed concept is 

used to design the paper-based packaging for tumble dryer produced by 

Gorenje. 

Keywords: paper, cushioning properties, structural analysis, packaging 
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1 INTRODUCTION  

Commercial goods are commonly encased in packaging buffers to protect them 
from damage due to vibration and impact shock during handling and 
transportation (Kun et al., 2017). The materials used to fabricate protective 
packaging are usually plastic foam such as EPS with good cushioning 
performance and cost-effective but not friendly to the environment (Andena 
et al., 2018). The growing trend towards the use of environmentally friendly 
packaging has led to an increase in the research and use of alternative biobased 
packaging solutions. Considering this paper-based packaging (molded pulp, 
honeycomb paper, etc.) already offers established sustainable packaging 
solutions that is recyclable, biodegradable and compliant with ISO 14000 and 
European Green Dot standards (Lye et al., 2004). Usually, the paper packaging 
solution are implemented for protection of lightweight structures such as small 
domestic appliances, electronic components, food products, etc.  

 
Figure 1: Sustainable design of protective packaging using experimental-numerical 

approach  

Although the paper-packaging materials and corresponding numerical design 
methods are already well established, they cannot be readily used to design 
packaging of heavy and complex home appliances for several reasons (Kun et 
al., 2017). Firstly, these materials exhibit high stiffness before plastic 
deformation which makes them far from being regarded as an ideal cushioning 
material. Moreover, the established paper packaging solutions have 
comparable cushioning performance to EPS only at low static loads and low 
drop heights (Kun et al., 2017). Therefore, to improve the cushioning 
performance, the design of the paper packaging relay on the numerical 
structural optimization to reduce vibration transmissibility and to increase 
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shock absorption in the case of single and multiple impacts (Kun et al., 2017; 
Fadiji et al., 2018).  

In this paper, a combined experimental and numerical approach is proposed to 
design a honeycomb paper-based packaging (Fig. 1) that has the potential to 
extend its applicability to more demanding packaging applications such as 
heavy home appliances. The research first presents the phenomenological 
experimental investigation to characterize the dynamics and cushioning 
properties of honeycomb paper packaging materials. Based on experimentally 
determined cushioning and material properties, the finite element method 
(FEM) was proposed to optimize the packaging design and thus improve its 
protective and cushioning performance.  

2 EXPERIMENTAL INVESTIGATION OF HONEYCOMB-PAPER CUSHIONING 

PROPERTIES 

Cushioning of packaging materials is typically evaluated in terms of the 
maximum deceleration versus the static stress for a specific drop height and 
cushion thickness. This enables one to obtain cushioning curve that defines 
minimum cushioning area to obtain best shock absorption. These standard 
methods provide a general guidance to the evaluation of cushioning 
performance. Here the standard impact-based test facility is proposed as 
shown in Fig. 2. 

  
a) b) 

Figure 2: Experimental determination of honeycomb cushioning characteristics;          

a) Experimental test rig, b) Specimen before and after testing 

In Fig. 3 the cushioning curves obtained by measuring honeycomb panels with 
20 mm thickness are presented. The curves were obtained by performing the 
measurement with test samples of different cross-sections and considering 
multiple successive impacts. It can be observed that the cushioning curves 
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change significantly in the event of consecutive impacts. The reason for this is 
that the honeycomb structure is deformed and as a result loses its cushioning 
ability, especially at high static contact pressures. 

 
Figure 3: Measured cushioning curves for honeycomb panel of height 20mm at 

multiple subsequent impacts.  

The optimal static pressure for analyzed honeycomb panels (thickness 20 mm) 
is between 10 kPa and 15 kPa.  

3 PAPER-BASED PACKAGING DESIGN METHODOLOGY 

The paper-based packaging design methodology is demonstrated on the 
packaging design of the tumble dryer as shown in Fig. 4a. The entire packaging 
concept is based on folding through V-groove cuts without gluing. The principle 
of packaging folding can be clearly demonstrated by the unfolded and folded 
configuration of packaging corner (Fig. 4b).  
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a) b) 

Figure 4: Design concept of the paper honeycomb packaging for Gorenje tumble 

dryer; a) The packaging together with appliance, b) Folding concept 

To enhance the packaging protective performance, a static analysis was firstly 
carried out to deduce the contact pressures due to the weight of the appliance 
(Fig. 5a). The calculated stresses on the bottom part of packaging are presented 
in Fig. 5b. The contact areas are deduced in such a way that they are close to 
the optimal pressure of 15 kPa to achieve the best cushioning performance. 
The static pressure analysis is carried out for both for the vertical impact and 
the impact from the side of the appliance.   

  

a) b) 
Figure 5: Calculation of static loads on the packaging; a) Application of gravitational 

load, b) Calculated static pressures on the bottom part of the packaging 

With an optimized packaging design, the simulation of loads caused by impacts 
during transport is then carried out. These loads are usually determined based 
on the acceleration measurements during standard transportations tests. This 
includes the drop test and the side impact test, also known as the slope test. 
In Fig. 6 the loads applied to the sidewall during the slope test are presented 
along with induced stresses on the appliance. These simulations make it 

 
1g 

Unfolded conf.  Folded conf.  
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possible to identify stresses that could potentially lead to plastic deformation 
and breakage of an appliance.  

 
 

a) b) 
Figure 6: The simulation of impact on the sidewall during slope test; a) Application of 

acceleration loads, b) Stresses on the appliance during impact 

Based on the numerical simulations, the final concept of the packaging design 
is deduced and the prototypes of the packaging are produced as shown in 
Fig. 7. With the prototype packaging, it is then possible to conduct an actual 
transportation test and in that way finally validate the proposed concept of 
packaging design.  

  
a) b) 

Figure 7: The actual prototype of paper honeycomb packaging; a) Packaged appliance 

in cardboard box, b) Inner view of packaging design 

4 CONCLUSIONS 

The proposed approach for paper packaging design is based on an 
interdisciplinary research that integrates the state-of-the-art dynamics 
simulation methods with the latest advances in paper material technology. It 
is demonstrated that suitable geometric design of honeycomb packaging 
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makes it possible to improve the paper packaging cushioning characteristics 
even at multiple transportation shock loads. The presented design 
methodology enables development of a sustainable and recyclable packaging 
solutions even for heavy home appliances. This will allow GORENJE to expand 
its sales on markets that have already taken significant regulations towards 
sustainability and recyclability.  
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Abstract: Packaging is a mandatory aspect of a vast majority of produced and 

marketed items, thus the global packaging market is expected to grow to 

$980.4 billion by 2022. Pushing the Agenda 2030 ratified by 195 nations in 

2015, packaging sustainability folds under three The Sustainable Development 

Goals such as Responsible Consumption and Production (SDG No.12), Life Below 

Water (SDG No.14) and Life on Land (SDG No.15) Serbia, as one of those 

countries, has invested efforts in raising public awareness of sustainability 

issues. 

This paper is based on authors’ recent survey on consumer behavior and 

knowledge of Serbian youth on sustainable packaging. The aim of research is 

to review and analyze the condition in Serbia, not only from a consumerism 

aspect but also from a point of view of future young professionals since all of 

responders are pupils or students of areas that lean toward packaging such as 

graphic and industrial design, also students of printing technologies. This 

survey refers to the level of formal design education, the level of satisfaction 

with the environment, level of knowledge and opinions on sustainability in 

Serbia. For this purpose, a questionnaire was created and contains three 

sections that include 17 questions related to data on demography, type and 

level of education, area of study; self-estimated knowledge and opinions on 

sustainable packaging etc. The data obtained on the sample of 321 were 

processed in the SPSS software package, using appropriate statistical tools. The 

research strategy is based on a combination of qualitative and quantitative 

methods. In order to review the obtained research results, descriptive statistics 

is applied, while the Likert scale was used to assess the satisfaction of the 
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respondents. Analysis of variance was used to examine differences in opinions 

among different groups of respondents. The questionnaire compiled to include 

all the necessary information on the state knowledge on sustainable packaging 

in order to create a comprehensive overview which is of great importance for 

planning further development and improvement as well as directions of further 

packaging and design education. 

Keywords: packaging design, ANOVA, sustainability 

1 INTRODUCTION 

In Serbia, education in the field of packaging design has been successfully 
implemented for decades at both the secondary and higher education levels. 
The education of designers who design packaging is based on the unity of 
technological, ergonomic and aesthetic factors. For decades, young designers 
have been educated in this field, who show exceptional results in later 
professional work. Pupils and students go through good educational programs 
that develop in them a sense of visual observations, develop the ability to 
analyze the elements of artistic expression, a sense of surface and plastic 
design. Although the courses in these study programs are very extensive and 
meaningful, it has been noticed that no greater focus has been placed on 
sustainable packaging, which has become extremely important in recent years. 

The concepts of packaging sustainability have evolved in parallel with the 
growing connection with the principles of sustainable development at different 
levels. Today, packaging-related waste is plagued by declining air, soil and 
water quality, climate change and other contemporary challenges (Boz et al., 
2020). Researches in recent years have shown that young millennial consumers 
have developed habits in relation to the routine of packaging disposal (Nikki et 
al, 2019). Companies and policy makers listen carefully to these trends and 
respond relatively promptly to increased consumer demand for sustainability 
actions based on achieving the necessary common value. Today, the goals of 
sustainable packaging have been announced by various companies within the 
Sustainable Packaging Coalition (SPC) - the SPC’s Goals Database 
(https://sustainablepackaging.org/goals). Various corporations, including 
McDonald’s, Unilever, Nestle, Kraft-Heinz, PepsiCo and Coca-Cola, have set 
goals in their action plans to improve the sustainability of their packaging by 
2025. This includes increased recycling and recycled material with a reduction 
in raw materials (Boz et al., 2020). 
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Such trends are also observed in the Serbian economy, but also among young 
people. What interested the authors of this research was how much young 
people in Serbia who are learning about packaging are actually aware of the 
concept and importance of sustainable packaging. The aim of research is to 
review and analyze the condition in Serbia, not only from a consumerism 
aspect but also from a point of view of future young professionals since all of 
responders are pupils or students of areas that lean toward packaging such as 
graphic and industrial design, also students of printing technologies. This 
survey refers to the level of formal design education, the level of satisfaction 
with the environment, level of knowledge and opinions on sustainability in 
Serbia. 

2 METHODS 

2. 1 Sample 

The rise of waste around the world became a global problem, especially in the 
last couple of decades. As Serbia geographically belongs to Europe, one of the 
most developed parts of the world, and, economically, it is not in that group, it 
was interesting to examine the level of awareness of Serbian youth about 
sustainable packaging. Since young people from Belgrade and Novi Sad make 
the largest part of the targeted youth population of Serbia, high school pupils 
and students from these two cities were surveyed. In order to achieve the goal, 
high school pupils from the graphic and design high school were interviewed 
(in terms of online surveys – School of Design - graphic, packaging and 
industrial design and Graphic technology High School), as well as students from 
the Faculty of Applied Arts Belgrade (Graphic and Industrial Design), Faculty of 
Technical Sciences Novi Sad (Department of Graphic Engineering and Design), 
and students from The Academy of Applied Technical Studies Belgrade 
(Department of Technology-modules Digital graphics and Graphic engineering 
and the Department of Design-Study programs: Industrial design and Graphic 
design). 

The first aim of the research was to review and analyze the condition of 
sustainable packaging methodology in Serbia, and to analyze the consumerism 
aspect from a point of view of future young professionals. Therefore, pupils 
and students of areas that lean toward packaging were targeted as 
respondents for this survey. Research methodology consisted from a 
questioner, constructed in 3 parts with 17 questions, where the questions are 
constructed considering criteria of sustainable packaging for consumers in a 
way of making the scientific data more comparable to the consumer 
perception (Brovensiepen et al., 2018). 



222 

For the literature review, key words ’packaging design’ and ’sustainability’ are 
used and combined with words such as ‘perception’, ‘behavior’, ‘response’, 
‘knowledge’. Using different scientific databases, authors obtained a general 
overview of the topic. The papers containing a survey in eco design and/or 
packaging are found (Bozet al., 2020; Brovensiepen et al., 2019; Clark et al., 
2019; Haoet al.,2019; Monteiro et al., 2019; Otto et al., 2021). These papers 
served as a base for constructing the survey that will explore the state of eco-
design and packaging in Serbia, from the sustainability point view. 

2. 2 Analysis of results 

In the period of April and May 2021, the authors conducted a survey in order 
to get reliable answers on attitudes and intentions towards sustainable 
packaging decisions. A questioner is conducted in Google form, covering topics 
on demography of the respondents, their knowledge on the state of 
sustainable packaging and opinions on the impact of sustainable packaging on 
price and sales. A goal was to get answers of the representative part of the 
target youth population that will use or implement sustainable packaging and 
design in their future career. Answers of 321 respondents are obtained. The 
authors used pre-given answers for easier statistical processing and analysis. 
Five questions within the questionnaire have pre-given answers (using 5-point 
Likert scale) that refer to the level of agreement / disagreement or satisfaction 
/ dissatisfaction of the respondents. The data were processed in SPSS software 
package, using appropriate statistical tools. In order to review the obtained 
research results, descriptive statistics and crosstabulation is applied and the 
analysis of variance (ANOVA) was used to examine differences in opinions 
among different groups of respondents. 

 
Figure 1: Demographics 

The demographic characterization of the sample divided the answers by age in 
five age-classes: ‘’18- 24’’(71%), ‘’under 18’’ (19%), ‘’25-34’’(6%), while the 
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smallest part of the sample (4%) consists of people older than 35 years (‘’35-
44’’ and ‘’over 45’’), with at least 5 years of working experience. This was 
expected because the goal was to get opinions from young people, having in 
mind that people over 35 years may be students, and that’s why they 
participate in the sample. Next characterization (by sex) indicates that more 
than two-thirds of respondents are female (70.72%) and nearly one third of 
them (28.97%) are male, while one respondent didn't give answer to a question 
of sex (0.31%). Next distribution is made by respondent’s level of education, in 
terms of the current level of education that the observed respondent acquires 
or the highest level of education he/she has acquired so far to monitor any 
differences in opinions and attitudes towards this division. In this case, the 
distribution was the following: 45.77% of the sample are high school pupils 
(HS), 45.14% are students of bachelor studies (HEB), 1.57% are students of 
specialist studies (HESS), 6.58% are master degree students (HEMS)and 0.94% 
are doctoral students (PhD).As it is expected, students of bachelor studies and 
high school pupils make the majority of the sample (91%) and they are almost 
equally represented (about 45%).In order to monitor changes in opinions in 
relation to the field in which the respondents are engaged, the last 
demographic distribution of the sample was made by the area of expertise: 
one half of the respondents are in the field of graphic design (51.09%), just 
under one-third (26.79%) are from industrial and/or product design, while 
about 20% are from the field of graphic technology. This is understandable in 
relation to the fact that the field of graphic design is currently the one that has 
the most applications and jobs. 

Climate change, population growth and rising levels of pollution have 
significantly burdened and threatened our planet and resources. In response 
to that, more sustainable solutions are required from all areas of business. In 
this context, it is interesting to find out the opinion of young people in Serbia 
about how much it is necessary to work on raising environmental awareness in 
their country. Thus, based on the sample, the average answer was 4.07, which 
means (by Likert scale), that the respondents think that is very needed to work 
on raising environmental awareness in Serbia (SD=0.964). The authors wanted 
to explore is this opinion more or less the same to all age-classes or it is 
different within groups. So, a crosstabulation analysis is applied (Pallant, 2009) 
and showed that 47.8% respondents older than 25 (in age class „25-34’’, ’’35-
44’’, and ’’over 45’’) think that is very needed to work on raising environmental 
awareness in Serbia; while that opinion hold 34.9% respondents in age-
class‘’18-24’’and 28.3% respondents in age-class ‘’under 18’’. Moreover, 39.3% 
of all respondents in age-class „18-24’’ and 36.7% of all respondents under 18 
years old think that is extraordinary needed to work on raising environmental 
awareness in Serbia. It is interesting to note that in the age-class ‘’18-24’’, 
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73.7% of all respondents think that is very to extraordinary needed to work on 
raising environmental awareness in Serbia. On the other hand, no one older 
than 25 years think that it is not needed to work on raising environmental 
awareness in Serbia, while 1.7% from 18 and 24 years and 1.7% under 18 years 
old have that opinion, so the conclusion is that young people in Serbia, 
especially ones older than 25, have the awareness of a need to raise 
environmental awareness and the desire to work on it. Crosstabulation for the 
question of need to work on raising environmental awareness in Serbia vs. 
education level by column showed that almost equal percent of high school 
respondents (one third each) think that it is average / very / extraordinary 
needed to raise environmental awareness in Serbia, while in group of bachelor 
studies, master studies and PhD respondents nearly one third think that it is 
very needed to raise environmental awareness. Nearly two third think that the 
raise is extraordinary needed. 73.8% of respondents gave general assessment 
4 or 5 (very to extraordinary), while only 1.6% of respondents think that there 
is no need for raising environmental awareness. 

To achieve a goal of getting opinions about environmental needs and 
awareness of a respondents, a question Q9: ‘’Have you participated in actions 
of cleaning open, public spaces from packaging and other waste?’’ is asked. 
Descriptive statistics showed that one half of the respondents did not 
participate in actions of cleaning open, public spaces from packaging and other 
waste, while 45.2% participated in small local cleaning actions and only 4.4% 
participated in big public leaning actions. 

 
Figure 2: Packaging Q9-Q12 

Crosstabulation for the question of participation in actions of cleaning open, 
public spaces from packaging and other waste vs. education level by column 
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showed that almost two third of high school respondents, two third of PhD 
respondents and one third of Bachelor degree respondents didn’t participate 
in actions of cleaning open, public spaces from packaging and other waste, 
while 60% of master degree and 71.4% of master degree respondents gave 
general assessment 4 or 5 (very to extraordinary), while only 1.6% of 
respondents have participated in small local cleaning actions. This means that 
young people need to be both informed and motivated to participate in actions 
of this type. 

Crosstabulation for the question of participation in actions of cleaning open, 
public spaces from packaging and other waste vs. age by column showed that 
58.36% of high school pupils, 50.7% of young people between 18 and 24 years 
and 44,4% of people between 25 and 34 years didn’t participate in actions of 
cleaning open, public spaces from packaging and other waste, while the biggest 
percent of participants in big public cleaning actions is 12.5% of people 
between 35 and 44 years old. Among respondents that have participated in 
small local cleaning actions the biggest percent are people between 35 and 44 
years (75%), while the biggest percent of people that didn’t participate in any 
kind of cleaning actions are people under 18 years (58.3%). 

Getting the answers to a question Q10: „How well do you think you know the 
concept of sustainable packaging? ‘’ was next important goal. Descriptive 
statistics showed that the average assessment is 2.77 (SD=0.985), which means 
that the young in Serbia think that their knowledge of the concept of 
sustainable packaging is average. The authors wanted to explore is this 
assessment the same by all age-classes, does it differs depending on 
aducational level and the area of expertise. To achieve this goal, a 
crosstabulation is applied. So, crosstabulation of Q10 vs. age confirmed the 
sample average assessment. Crosstabulation by education level showed that 
bachelor, master and PhD students’ attitude is the same as of the sample, while 
high school pupils opinion differs from the average. It is interesting to note that 
PhD students gave the highest evaluation-33% of them think they know the 
concept of sustainable packaging excellently. Crosstabulation of Q10 vs. area 
of expertise showed that 46.8% of respondents from the graphic technology 
area think that don’t know or know a little bit about the concept of sustainable 
packaging. Graphic technology, graphic design and industrial/product design 
respondents (44.9%) think that their knowledge about the concept of 
sustainable packaging is average, while one respondent, who is from both 
graphic design and industrial/product design doesn’t know anything about the 
sustainable packaging concept. It is interesting to note that respondents from 
graphic design with graphic technology are best informed about this concept, 
while graphic design respondents are least informed. 
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As a matter of ecological worry, a question ‘’How worried are you about the 
pollution and the ecological situation in Serbia at the moment?’’ is asked. 
Crosstabulation vs. age showed that people between 35 and 44 are extremely 
worried, while the others are very to extremely worried. Crosstabulation vs. 
educational level showed that high educated people (subgroups of bachelor, 
master, specialist an PhD students) are extremely worried, while pupils are 
worried on average. On the other hand, a crosstabulation vs. area of expertise 
showed that only subgroup of industrial/product design isn’t worried, while 
others are very to extremely worried. 

 
Figure 3: Packaging Q13-Q17 

Analysis of variance (ANOVA) compares the means of two or more 
independent groups in order to determine whether there is statistical evidence 
that the associated means are significantly different between observed groups 
of respondents. The authors explored are there differences in responses to the 
questions of sustainability concerning age-class, educational level or the area 
of expertise. One-way ANOVA is used when the data are divided into groups 
according to only one factor (Ostertagova, 2013). ANOVA is applied to 
questions Q11-Q17 shown on Images 2 and 3 that represent dependent 
variables.  
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Descriptive analysis of Q11 by age, educational level and area of expertise 
showed that the groups are very different by size. The homogeneity of variance 
test showed that the condition of homogeneity is fulfilled (the value of 
Levene’s test is higher than 0.05) in all cases except: Q11 by age and area of 
expertise, Q12 age and education level, Q13 by education level and area of 
expertise and Q14 by age and education level. F-test (F(317)= 5.304, 
sig=0.000<0.05)showed that there are two cases with statistically significant 
difference between the mean values of the dependent variable among the 
observed subgroups: the first one is between the mean values of the 
dependent variable Q17 among the observed subgroups by area of expertise, 
where multiple  

Comparisons table showed that the average assessment of respondents from 
the area of graphic design is statistically significant than from the respondents 
of graphic technology (M=-0.483, Sig=0.000); and between ones from the area 
of graphic technology and industrial/product design(M=0.435, Sig=0.125); the 
second one for Q15 by age, where F-test (F(317)=3.835, Sig=0.005<0.05), and 
Comparisons table showed that the average assessment of respondents from 
age-class ,,under 18’’ is statistically significant (at 0.05 level) than the one from 
the age-class of ’’35-44’’(M=-1.642, Sig=0.569). On the other hand, robust test 
of Equality of means is applied for the cases where the homogeneity is not 
fulfilled and indicated that the existence of statistically significant differences 
between the mean values of the dependent variable Q13 among the observed 
subgroups by educational level, Q14 by age and Q15 by should be examined. 
Subsequent analysis (Dunett’s test) showed the existence of only one 
statistically significant difference between the mean values of the dependent 
variable Q13 among the observed subgroups ‘’under 18’’ that have lower mean 
value than the age-class of ‘’over 44’’ (Mean Difference=-1.767, Sig.=0.009). 

3 CONCLUSION 

The authors’ recent survey on consumer behavior and knowledge of Serbian 
youth on sustainable packaging is based on our motive to review and analyze 
the condition in Serbia that may lead to improvement and adjustment of our 
current or creation of new study programs to a more circular approach. The 
survey is based mostly on youth (18-35 years of age) and on students and 
young professionals in areas that gravitate to packaging –graphic and product 
design and graphic technology.  

Their opinions vary depending on the topics and based on their age and 
education level more than on the main area of study or gender. The only 
exception from this is the question to evaluate their knowledge on sustainable 
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packaging where interviewers coming from graphic technology expressed less 
knowledge then their design peers. While Serbian youth is not ready to roll up 
the sleeves to achieve better environment since nearly half of the interviewers 
did not take part in any cleaning of public spaces, they do show a lot of 
understanding and awareness about the ecological issues. The awareness rises 
with age and level of education. This clearly opens the door to create the first 
multidisciplinary short course in sustainable design and technology in Serbian 
higher education system. 
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Abstract: Current study presents the research and development of sustainable 

biomaterials used for packaging or ecodesign purposes. Three sustainable 

biopolymers - nanocellulose, chitosan and alginate- and two of their respective 

combinations have been screened for mechanical, barrier and morphological 

properties. Moreover, the sources of the biopolymers from the food production 

waste have been investigated and proof of concept for their usage has been 

confirmed. Obtained results have confirmed the flexibility in formulation of foil 

properties covering a large spectrum of applications. The potential for the 

usage of the food waste biopolymer materials, their versatility in application in 

the packaging industries together with their low environmental impact and a 

competitive market price based on techno-economical analysis for the scaling 

up of the production, has been considered. 

Keywords: biopolymer foils, sustainable biomaterials, packaging, food waste 

valorization, technoeconomical analysis 

1 INTRODUCTION 

Plastic bags have become the modern symbol of the consumer waste. Plastic 
is a convenient material because it is cheap, versatile and helps to reduce the 
amount of food waste. However, it is also linked to the toxicity, microplastics, 
fossil fuels, and eventually - to the climate change. While plastics are not the 
sole culprits in the modern solid waste crisis, they are the most visible 
components (Novak et al., 2020). Despite the recent increase in consumption 
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of single use plastics caused by the Covid-19 pandemic, the number of people 
who are turning towards sustainable brands continue to grow with every year. 
Even though packaging makes up a small part of a product’s environmental 
impact, it is the first thing that the consumers see, and it can heavily influence 
their buying decisions. CGS 2020 Retail and Fashion sustainability Survey has 
shown that only 27% of the customers would not factor sustainability into their 
buying decisions (CGS, 2000). Therefore, the the packaging industry has started 
to shift towards more sustainable materials. Generation Z (people born 
between 1997 and 2015) care more about sustainability than the previous 
generations and are more likely to pay more and stay loyal to brands with 
sustainable options (CGS, 2020). Therefore, the new generation of sustainable 
biomaterials should not only have the same properties as petrol-based plastics 
without having the heavy cost on the planet but should also comply to the 
same aesthetic standards as conventional materials and should feel good to 
the touch (Lavrič et al., 2021). They should be easily recyclable, biodegradable, 
or compostable in the home compost (Oberlintner et. al, 2021). To answer to 
all these requirements, we have created a range of biomaterials made of food 
waste source or biomass. They can be sourced from discarded shrimp shells 
(Bajić et. al, 2019) or fuit fibers (vegan/ cruelty-free option) (FruitFibers.com) 
and can be made in different colours.  

2 MATERIAL AND METHODS 

2. 1 Biomaterial preparation 

Materials and methods of biopolymer and foil preparation have been 
described previously (Lavrič, et. al, 2021; Bajić, et. al, 2019; Novak et. al, 2020). 
Due to the secret know-how, some of the biomaterial formulations cannot be 
shared. 

2. 2 Mechanical properties and thickness  

Moisture content (MC) was analyzed with HE53 Moisture Analyzer (Mettler 
Toledo, United States). The thickness of the films was measured with ABS 
Digital Thickness Gauge (Mitutoyo, Aurora, USA). Tensile strength and 
elongation at break were measured according to the guidelines of the 
American Society for Testing and Materials (ASTM) D 882 standard method 
(ASTM C1147-D359).  
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2. 3 Barrier properties  

Water Vapour Transmission Rate (WVTR) was performed according to ISO 
2528:2018 (23 °C and 50% RH). Oxygen permeability (OTR) were tested using 
standard ISO-2:2003 (23 °C and 50% RH).  

3 RESULTS 

In recent years, to accommodate the trends of bioeconomy transitioning 
towards circular economy with the goal of moving towards zero waste 
economy, biopolymers have been explored as the fossil fuel-based plastic 
alternatives. In Figure 1 some of the recent sustainable innovations and 
approaches for transition to plastic-free living have been presented. 

 
Figure 1: New generation of biopolymer-based material prototypes. Upper row 

illustrates new types of plant-based textiles made of discarded food waste. Bottom 

row depicts zero-waste and active film packaging intended for food and drinks. 

One of the important characteristics for the material is its high strength 
together with the ability to stretch. In Figure 2 tensile strength and elongation 
at break for water-soluble alginate foils is presented. 
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Figure 2: Tensile strength and elongation at break for water-soluble alginate foils. 

Foils were prepared with 1.5%, 2%, 3% or 4% of alginate in a starting film forming 

solution with addition of different amount of cellulose nanomaterials. 

As expected, higher percentage of alginate biopolymer improves the 
mechanical properties of the material. The addition of cellulose nanomaterials 
shows some positive effect on the barrier properties of the foils (Figure 3). 

 
Figure 3: Biopolymer foil visualization (film 4,5,6) and an overview of WVTR and OTR 

of some synthetic polymers compared to our nanocomposite packaging films 

(adapted from Lavrič et. Al, 2021). Black circles- petroleum-based polymers, black 

diamonds- commercial biopolymers, red diamond- biopolymer nanocomposites. 

HDPE- high-density polyethylene; LDPE- low-density polyethylene; PP- polypropylene; 

PVC- polyvinyl chloride; PET- polyethylene terephthalate; PLA- polylactic acid; TOCN- 

TEMPO-oxidized cellulose nanofibers. 

Three types of cellulose nanomaterials as well as the combinations of different 
biopolymers such as alginate or chitosan have been tested. OTR and WVTR 
have been compared to commercially available materials, showing high oxygen 
barrier for all biomaterials studied. Cellulose nanomaterial biocomposites (Film 
4,5,6) had slightly improved WVTR properties compared to single biopolymer 
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foils. Finally, the overall acceptance of the new biomaterial is always based on 
the techno-economical evaluation. In Table 1 the simulation of the prices for 
three types of advanced biodegradable and recyclable biomaterials is shown. 

Table 2: Simulation of the prices for three selected types of foil packaging 
biomaterials based on the achieved TRL. 

Biomaterial Biopolymer source 
Cost of the 

materials at TRL 5 
Cost of the material 

at TRL 7-8 

Active packaging 
Chitosan with 
plant extract 7 €/m

2

 or 90 €/kg 2.1 €/m
2

 or 27 €/kg 

Zero-waste packaging 
(water-soluble) 

Seaweed 
biopolymer 3.6 €/m

2

 or 45 €/kg 0.9 €/m
2

 or 16 €/kg 

Zero-waste packaging 
bionanocomposite 

Seaweed 
biopolymer with 

cellulose 
nanomaterials 

5 €/m
2

 or 54 €/kg 1.5 €/m
2

 or 21 €/kg 

 
In term of the value, the product is more important than its packaging. 
Therefore, the extended shelf life of the packed goods can help to reduce the 
food waste and, hence, the cost of the product, which is much greater than the 
cost of their respective packaging foils. While the cost of the biomaterial foils 
compared to conventional plastic foils (PP, PE) is at least 10-fold higher, these 
plastic alternatives should be compared to more advanced packaging solutions 
due to some advanced properties, which a single-layer plastic foils do not have. 
In addition, the full values in term of disposal and environmental taxes for 
unsustainable materials after their disposal by the end user should also be 
taken into consideration. 

4 CONCLUSIONS 

In the current study, some details of the sustainable biopolymer-based 
applications, which are minimizing the amount of waste sent to the landfill 
while fulfilling the same purposes as conventionally used packaging materials, 
have been presented. For a broader acceptance of the new generation of 
biomaterials, a complete life cycle assessmet should be performed together 
with the single-use plastics or other petrol-based composite materials.  
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Abstract: Increasing demands of consumers in food packaging enabled the 

development of active packaging practices. Antimicrobial and antifungal 

coatings or films are an active packaging application. In such packaging 

materials, natural or synthetic antimicrobial material is added to the film or 

coating to help the packaging protect food. The use of biofilms produced from 

biopolymers in food packaging is more suitable than polymers with many 

damages such as PET, PE. Film production of many biopolymers such as 

cellulose derivatives, chitosan, PVA, starch PLA can be realized. Thymus 

essential oils and extracts with antimicrobial and antioxidant properties are 

widely used in pharmaceutical, cosmetic, herbal tea, flavoring agents and 

perfume industry, also for flavorings and preservation of several food. In this 

study, it is aimed to produce antibacterial printable edible which is used in 

active packaging, using starch and thyme essential oil. For this purpose, starch 

edible films containing different rates (0.1, 2.5, 5, 10%) of thyme oil were 

produced by spin coating method. The transparency of prepared five different 

films were determined by UV spectroscopy. Antimicrobial properties of the 

obtained films were determined against S. aureus and E. coli. Edible films were 

printed with screen printing and printability parameters such as color, gloss, 

contact angle and surface tension were examined. Consequently, starch films 

loaded with thyme oil were successfully produced. It is concluded that edible 

films are colorless, transparent and have good printability. It was determined 

that the amount of thyme essential oil increased in the edible had a strong 
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inhibitory feature against S. aureus and E. coli. With these features; produced 

films are considered to be suitable for active packaging applications. 

Keywords: active packaging, antibacterial, edible film, printability, thyme oil 

1 INTRODUCTION 

The long supply chain from the production area of food products to the 
consumer brings along some food safety problems. The deterioration of food 
by the effects of physical, chemical and biological factors threatens human 
health and safety. Food spoilage is appeared with bacterial growth, bad odor, 
loss of taste and color deterioration as a result of a number of factors, and the 
general quality and safety of the products are damaged and shelf life is 
shortened (Ahmed et al., 2017; Ozcan and Tutak, 2020). Bringing different 
features to packaging, which plays a critical role in the product supply chain, 
increases efficiency in transportation and protection tasks, while also providing 
access to fresh, delicious, safe, healthy and quality food products with a longer 
shelf life (McMillin, 2017). 

Smart packaging is defined as a material that adds new functions compared to 
traditional packaging to improve the basic functions of the packaging, not only 
improving the basic functions, but also responding to the stimuli around the 
packaged product (Ozcan, 2020). 

Edible films and coatings are also methods used in active packaging. Recently, 
biodegradable materials such as polysaccharides, lipids and proteins obtained 
from natural materials can add important functionality to packaging with their 
antimicrobial properties (Bifani et al., 2007; Vargas et al., 2008). Films and 
coatings that do not pose a problem in contact with food, edible, 
biodegradable, biocompatible, environmentally friendly, have the potential to 
reduce waste, provide barrier properties, and have protective, appearance and 
aesthetic properties will be very functional in food packaging (Shankar and 
Rhim, 2016; Kapetanakou et al., 2014). It is possible to find many studies 
showing that edible films and coatings obtained from some plant extracts or 
oils found in nature have antioxidant and antimicrobial activities and extend 
the shelf life of the food in the package (Gutiérrez, 2017; Sirocchi et al., 2017; 
Yang et al., 2016; u Nisa et al., 2015; Maryam Adilah and Nur Hanani, 2016). In 
recent years, researchers have been working on using plants such as thyme oil 
and basil, which are natural preservatives, as antimicrobial and antioxidant. 
Thyme, which is the general name of thymus, thymbra, origanum, 
coridothymus, satureja, genera from Lamiaceae family and known for its 
distinctive smell, is a plant suitable for active packaging applications with its 
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high protection, deodorization, antimicrobial and antioxidant properties 
(Bakkali et al., 2008; Sánchez-González et al., 2011; Siripatrawan, 2016; Xie et 
al., 2008; Yuan et al.,2016). 

2 MATERIAL AND METHODS 

2. 1 Materials 

Corn starch was provided by Sigma Aldrich (Darmstadt, Germany). Glycerol and 
Tween 80 were procured from MERCK (Darmstadt, Germany). Thyme oil was 
obtained from ARPAŞ ARİFOĞLU (Istanbul, Turkey). S. aureus was obtained 
from microbiology laboratory of Ankara University Dairy Technology 
Department, and E. coli from Ankara University Food Engineering Department. 
Bacteria stock cultures were transported to the laboratory in cold storage 
conditions.  

2. 2 Methods 

Starch-based biofilms were prepared according to the methods described by 
Ghasemlou et. al., 2013. In the preparation of the film, first of all, 10 g starch 
was added to 150 mL distilled water and gelatinized by stirring at 1000 rpm for 
approximately one hour at 90 °C. 2 g of glycerol, 2 mL of Tween and thyme oil 
in different proportions depending on the formulation were added to the 
mixture at the same temperature. The compositions of the biofilms are given 
in Table 1. It was dispersed at 20000 rpm for 8 minutes so that the mixture was 
completely homogeneous. The homogeneous mixture was formed into a film 
on the glass surface in the spin coating device. The resulting films were dried 
at room temperature for 2 days. 

UV–Vis spectra of the biofilms were recorded in the range of 400–800 nm to 
evaluate the transparency of the films. The antimicrobial activity of biofilms 
was defined by inhibition zone method (disc diffusion method). Each bacteria 
culture was activated by inoculation in tryptic soy broth, at 37 °C for 24 hours. 
The inoculum (0.1 mL) was spread to the surface of Mueller‐Hinton (MH) agar 
petri dishes by spread plate technique; then, 6‐mm‐diameter films cut from 
prepared films were placed onto petri dishes. Control samples were prepared 
under the same conditions. Disc film containing petri dishes and control 
samples were incubated at 37 °C for 24 hours. After incubation, petri dishes 
were checked for bacterial growth; inhibition zones around the disc films were 
evaluated qualitatively and quantitatively. Quantitative evaluation was 
performed according to the inhibition zone diameter. The zones around the 
disc films were evaluated as an indicator of inhibition of bacterial growth. The 
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bio film that produced a large inhibition zone was considered to show a high 
antimicrobial activity. Contact angle and total surface energies of the biofilms 
were determined with Pocket Goniometer PGX+ in line with ASTM D5946. 

Table 1: Formulations of the biofilms 

Sample Thyme oil (%) Starch (g) Glycerol (g) Tween (mL) 

F0 0 10 2 2 

F1 1 10 2 2 

F2 2.5 10 2 2 

F3 5 10 2 2 

F4 10 10 2 2 

 

Solid printing was performed on obtained five different biofilms with a weaving 

density of 77 tpc, 75° scraping angle and 75° shore hardness by using an ARUS 

semi-automatic screen printing machine. The color characteristic of the prints 

was measured by X-Rite exact spectrophotometer spectral range 400 -700 nm, 

with D50 light, 2° observer angle, with polarize filter, 0/45-degree). and gloss 

values were measured by BYK Gardner gloss meter at 60° according to TAPPI 

T480 OM-15. Color differences (ΔE) were calculated according to the given 

below CIELab (2000) technique: 

∆𝐸00 = √(
∆𝐿′

𝑘𝐿𝑆𝐿
)

2

+ (
∆𝐶′

𝑘𝐶𝑆𝐶
)

2

+ (
∆𝐻′

𝑘𝐻𝑆𝐻
)

2

+ 𝑅𝑇
∆𝐶′

𝑘𝐶𝑆𝐶

∆𝐻′

𝑘𝐻𝑆𝐻
  (1) 

3 RESULTS 

Biofilms containing different amounts of thyme oil have been prepared 
successfully. The transparency of the films obtained was examined by UV-Vis 
spectrophotometer. The UV-Vis spectrum of the films, which are very 
transparent even by eye, is given in Figure 1. As the films got thicker, the folding 
and transparency of the films decreased. For this reason, all biofilms were 
produced with a thickness of approximately 20 μm and their transparency was 
compared. When the results obtained were examined, it was determined that 
all biofilms had high transparency, but as the amount of thyme oil in them 
increased, there was a small decrease in transparency. This result is compatible 
with the literature (Wang et al., 2021). 



241 

 
Figure 1: Transmittance of the antibacterail biofilms. 

The antimicrobial activity of obtained biofilms was tested against both gram‐
positive (S. aureus) and gram‐negative (E. coli) bacteria. Diameter of inhibition 
zone diameters of different ratio of thyme oil ingredient biofilms are shown in 
Table 2. It was seen that E. coli and S. aureus grown homogeneously in all 
regions of petri dishes in control samples. Inhibition zone against E. coli and S. 
aureus was not observed in films non-consisting thyme oil (F0). Because starch 
is natural carbohydrates, it is a food of microorganisms. On the other hand, 
thyme oil content biofilms showed inhibition zone against E. coli and S. aureus. 
This result showed that the thyme oil was antimicrobial against both gram‐
positive and gram‐negative bacteria. When all the results were examined, it 
was observed that as the amount of thyme oil increased, the inhibition zone 
increased and the antimicrobial property increased. It was also concluded that 
thyme oil was slightly more effective on S. Aureus than E. Coli (Semeniuc et al., 
2017). 

Table 2: Antimicrobial activity of tyhme oil content biofilms against E. coli and S. aureus 
(inhibition zone diameter in centimeter) 

Sample E. coli S. aureus 

F0 - - 

F1 1.2 1.8 

F2 3.1 3.4 

F3 3.9 4.4 

F4 4.2 5.5 
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The use of vegetable oils in the biofilms is a good way of create hydrophobic 
(Pelletier and Gandini, 2006). The most important parameter in determining 
the printing method and ink type to be used for printing is the surface energy 
and contact angle of the substrate. For this purpose, these properties of 
biofilms were examined and the results are given in Table 3. 

Table 3: Contact Angle anda Surface Energies of tyhme oil content biofilms 

Sample Contact Angle (°) Surface Energy (mJ/m2) 

F0 72.3 38.9 

F1 80.6 35.7 

F2 82.4 34.2 

F3 84.0 34.7 

F4 85.9 33.3 

 
When thyme oil was added to base formulation, the contact angle increased. 
This is due to the hydrophobic nature of the oil. It is seen that the contact angle 
increases when the amount of oil in the biofilm formulation is increased. This 
improves the offset and screen printing printability of the biofilms with less ink. 
Because the oleophilic groups in the offset and screen printing ink structure 
will interact more with the peppermint oil on the biofilm surface and a good 
ink surface relation will be provided and the printing process will be easier 
(Kandirmaz and Zelzele, 2020). 

In addition, prints were made with the screen printing technique on the 
produced films and the color and gloss characters of the produced prints were 
measured and the results are given in Table 4. When Table 4 was examined, it 
was determined that the color shifted slightly towards yellow due to the oil's 
own color. When F0 and other prints containing thyme oil were compared, it 
was determined that the color difference value, ΔE, was below 3 and the 
difference between them could not be noticed with the human eye. When the 
gloss values were examined, it was determined that the added oil slightly 
reduced the gloss of the biofilm, but this reduction was within the standard 
deviation range. It was possible to print well on the obtained films with oil-
based screen printing ink without any problems. 

Table 4: Color and gloss properties of printed biofilms 

Sample L* a* b* ΔE00 Gloss 

F0 47.5 74.3 -3.9 Ref. 15.6 

F1 47.4 74.2 -2.6 0.43 15.5 

F2 47.3 73.1 -2.2 1.46 15.5 

F3 47.2 72.9 -1.8 1.15 15.4 

F4 46.9 72.3 -1.1 1.35 15.2 
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4 CONCLUSIONS 

As a result, thyme oil containing starch biofilms have been successfully 
produced. The obtained biofilms have transparent. Biofilms containing thyme 
oil have inhibitory properties against both gram positive and negative bacteria. 
The highest activity was observed against gram positive bacteria. When the 
printed colors of the films were examined, it was determined that the color 
difference was below 3, that is, there is no color difference that can be seen by 
the eye. As the amount of oil in the biofilm increased, the contact angle 
increased, the surface has become more sensitive to oil-based ink. The gloss 
values are not change with adding thyme oil. The oil based ink printability of 
the biofilm is increased by adding thyme oil. Screen prints were made onto 
biofilms without any problem. 
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Abstract: It is well-known that waste originating from food production can be 

a valuable raw material rich in active components. Concerning the latest trends 

in the circular economy, a waste-less economy with zero environmental impact, 

revalorization of the waste is highly recommended. Waste generation is very 

high in the industry of natural beverages since fruits and vegetables are 

pressed, and the amount of pomace leftover is enormous. These pomaces can 

be dried and further processed to extract valuable components, mainly 

antioxidants, used in food, cosmetics, packaging, etc. Cold-pressed blackberry 

seed oil (BSO) is a precious component derived from the dried seeds left from 

juice production. It has a high antioxidant content and high chlorophyll content 

(around 3000 mg/kg). It is rich in omega fatty acids, vitamins E and C, and has 

a very high carotenoids content (35-40 mg/kg). BSO has excellent UV 

absorption power and can be used in sunscreens. UV light can trigger chemical 

reactions that can produce free radicals and auto-oxidation of lipid-rich food, 

which can cause the change of the food quality and might induce the 

deterioration and discoloration of fresh meat, degradation of vitamins, and the 

development of off-flavors. In order to minimize the effect of UV irradiation on 

food quality, different UV filters and absorbers can be used, which can be 

incorporated into the packaging material. There are organic (benzophenones 

and benzotriazoles) and inorganic (titanium dioxide and zinc oxide) UV 

absorbers commonly used in food packaging. PLA-based nanofibrous films 

were prepared by loading an appropriate amount of BSO with potential use as 

UV absorbent packaging. Materials were characterized using mechanical, 
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thermal, morphological, chemical, and application properties. The presence of 

BSO did not affect the properties of PLA when compared to pure PLA 

nanofibers, and material made this way can be successfully used as active 

packaging material for light-sensitive food. 

Keywords: blackberry seed oil, PLA nanofibers, active paskaging 
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VARNISH BY ADDING ZnO AND SiO2 

NANOPARTICLES TO ENHANCE PROTECTIVE 

FUNCTION ON PRINTED PACKAGING 

Tomislav Cigula, Tomislav Hudika, Marina Vukoje 

University of Zagreb, Faculty of Graphic Arts, Zagreb, Croatia 

Original scientific paper 
doi: 10.5281/zenodo.5256586 

thudika@grf.hr 

Abstract: The packaging sector of graphic industry is continuosly growing and 

developing in terms of packaging function, used materials and production 

technology. The aim of this paper was to evaluate modification of commercial 

water-based varnish by determining its protective properties regarding colour 

degradation as well as barrier properties. For that purpose a set of composite 

coatings of different composition was prepared and applied onto cardboard 

prints. The prepared samples were characterized by measuring CIE L*a*b*, 

colour density and water vapour transfer rate before and after accelerated 

ageing. Results showed that applying prepared nanocomposite coatings do not 

cause significant colour change (max. dE2000 = 2.84) but do increase the tone 

value at 80% nominal value for almost 5%. Furthermore, barrier to the water 

vapour is increased by adding nanoparticles. Adding ZnO into the composite 

decreases yellow fading because of accelerated ageing. This research proved 

the positive influence of added nanoparticles into the commercial varnish by 

increasing its protective role in print’s ageing and barrier properties while just 

slightly changing the primary colour apearence.  

Keywords: cardboard packaging, functional coatings, nanoparticles, zinc oxide, 

silicon dioxide 
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1 INTRODUCTION 

The printing industry, closely the packaging sector reached 917.1 billion US in 
the 2019 (Smyth, 2017) Entire sector is projected to experience a steady 
growth of 2.8% and reach 1.05 trillion US dollars by 2024 (Leblanc, 2019). The 
main idea of packaging is to preserve the product from any form of damage 
while remaining aesthetic throughout the product’s life cycle (Primary, 
Secondary & Tertiary Packaging | Saxon Packaging, no date). Today, market 
demands and competitiveness, as well as customer habits, require packaging 
to be innovative in its various segments - from design, materials choice, 
functionality, environmental sustainability and most of all, quality of the end-
product. One of the most common quality factors are the prints colour 
consistency and structural stability when exposed to environmental factors 
such as the sunlight, heat, moisture, pollutant gases, grease, etc. which can 
considerably influence the quality (Aydemir and Yenidoğan, 2018). Moreover, 
there is an increasing effort to replace unsustainable and non-degradable 
polymeric materials with natural ones, mostly those based on paper and 
cardboard. But paper and cardboard themselves do not have mechanical 
properties that can match the properties of polymeric materials. However, by 
applying different coatings or varnishes these drawbacks can be overcome. In 
addition, most packaging materials can after printing be coated with a varnish 
that has both protective and decorative means (Kipphan, 2001). It is beneficial 
when coating has versatile protective gain i.e., to protect printed surface from 
colour degradation, to enhance the barrier properties, etc (Kipphan, 2001). To 
upgrade existing varnish benefits, it is possible to introduce certain compounds 
in the mixture, which are known to have desired protective potential. Those 
kinds of compounds are mostly nanosized (<100 nm) and can be homogenized 
in the commercial varnishes (Schoff, 2014). Several research have been 
conducted with commercial varnish and nanosized particles, where nano sized 
compounds have enhanced some features of the varnish (Salla, Pandey, and 
Srinivas, 2012; Hudika et al., 2020). Moreover, nano sized compounds were 
also studied in the mixture with bio polymer PCL, where again, nanoparticles 
did show beneficial properties (Cigula et al., 2020). Most research conducted 
up to now, are mostly focused on the application of nanomodified 
biodegradable coatings in packaging and printing applications. Although such 
coatings significantly improve the functionality and properties of packaging 
materials and stability of prints, their application requires additional units 
(devices), i.e. additional investment costs. by modification of existing varnishes 
by nanoparticles, easier use, especially for small and medium printers, would 
be allowed. Therefore, the aim of this research is to modify commercial water-
based varnish and determine its protective properties regarding colour 
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degradation as well as barrier properties. In other hand, the proposed 
nanocomposite coating should not cause colour change of the original print. 

2 MATERIAL AND METHODS 

Offset prints on cardboard were prepared for the purpose of this research. The 
cardboard used was coated with gloss finish (UPM Finesse gloss paper 
300g/m2) and printed using quickset process inks (Novavit Supreme Bio, 
Flintgroup). Printing was conducted on a sheedfer offset printing press KBA 
Rapida 105 in compliance with Fogra PSO 2016, i.e. ISO 12647-2:2013 (ISO, 
2013). 

Nanocomposites were prepared by dispersing two nanoscale compounds, ZnO 
(Alfa Aesar NanoArc) and SiO2 (Aerosil 200 Fumed Silica) in a commercial 
water-based varnish (TerraWet High Gloss Coating G9/285, ACTEGA,). The two 
sets of nanocomposites (WD+SiO2 and WD+ZnO) were prepared by adding 
nanoparticles in designated weight ratios 0.1%, 0.5%, 1%. The third set 
(WD+SiO2+ZnO) was prepared by adding both nanoparticles by fixing 
concentration of SiO2 to 0.5% and altering ZnO weight ratio (0.1%, 0.25% and 
0.5%). Smaller maximal concentration of ZnO in third set is due to the increased 
viscosity of nanocomposite. 

The homogenization of nanoparticles into water-based varnish (WD) was 
conducted using ultrasound dispenser Hirrlscher UP100H for 30 minutes at 
100% amplitude and 100% power. During homogenization process, the 
containers were cooled in a bath with water at 7 °C. The prepared 
nanocomposites were applied onto the printed samples using K202 Control 
Coated in controlled conditions defined by the ISO 187:1990 using coating bar 
1 leading to the wet coating thickness of approx. 6 μm (RK Printcoat 
instruments, no date). After drying, samples were characterized and exposed 
to an artificial ageing process in the Cofomegra Solarbox 1500e Xenon Test 
chamber for 30 hours at 550 W/m2, temperature of 50 °C and by using indoor 
filter (Solarbox, nd). 

The prepared samples were analysed by determining ink density and colour 
coordinates in all three stages (original prints, coated samples and aged 
samples) The measurements were performed by Techkon SpectroDens 
spectrophotometer (Techkon GmbH, no date). The setting for the colorimetric 
measurements were illuminant D50, standardized observer 2°, no polarization 
filter, filter M1 and calibrated on absolute white. Instrument setting for the 
density measurements were density statues E, illuminant D50, no polarization 
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filter and calibrated on paper sample (for all measurements calibration was set 
to printed sample) (ISO, 2013). 

In addition to detect change of the barrier properties, water vapour 
transmission rate (WVTR) was determined. WVTR was determined using 
gravimetric cup method (water method). In this type of test the sample acts as 
a water-vapor barrier where water is inside of the glass container and this 
represents 100% humidity on the test start (ASTM E96/GB 1037, 2013). In this 
research, amount of the water was 75 mL while samples were at the distance 
of approx. 10 mm from the water surface. Samples were weighted at 0 h, 24 h, 
48 h and 72 h. This way, the given results represent the weight change of the 
lost water in a given time interval. The WVTR was calculated using equation 
(1). The results are presented in g/day*m2: 

𝑊𝑉𝑇𝑅 =
∆𝑚

∆𝑡∗𝐴
       (1) 

where ∆m is the change in the glass container mass in grams, ∆t is the time 
between sample weighing given in days and A is the area of the sample in m2. 

The samples were in a surrounding with temperature of 22 ± 1 °C and RH of 
60 ± 2 %. 

3 RESULTS AND DISCUSSION 

3. 1 Colorimetric characterization 

To determine the influence of the coating process on the colour perception, 
colour difference (dE2000) was calculated from measured L*a*b* values 
(Sharma, Wu, and Dalal, 2005) (Mokrzycki and Tatol, 2011). In Table 1 it can be 
seen the colour difference of primary colours (black(K), cyan (C), magenta (M) 
and yellow (Y)) between uncoated and sample coated by nanocomposites 
including SiO2 (WD+SiO2) or ZnO (WD+ZnO) nanoparticles.  

Table 1: Colour difference (dE2000) between uncoated and samples coated with 
WD+SiO2 and WD+ZnO  

w (nanoparticle) 
/ % 

0.1 0.5 1.0 

sample WD+SiO2 WD+ZnO WD+SiO2 WD+ZnO WD+SiO2 WD+ZnO 

paper 0.60 1.81 0.54 0.65 0.57 0.81 

K 2.00 2.10 1.80 2.84 1.31 2.15 

C 0.43 0.69 0.27 0.40 0.35 0.44 

M 0.81 0.74 0.75 0.65 0.83 0.86 

Y 0.79 0.27 0.58 0.40 0.32 0.58 
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The coating process does not significantly affect the colour reproduction of 
primary colours. Higher differences can be seen at K, due to the darkening of 
the print after coating process (CIE L* of the uncoated print is approx. 20 while 
CIE L* of coated samples are approx. 17). 

Table 2: Colour difference (dE2000) between uncoated and sample coated with 
WD+0.5% SiO2+ZnO 

w (ZnO) / % 0.1 0.25 0.5 

paper 0.81 0.52 0.69 
K 2.15 2.36 1.75 

C 0.44 0.39 0.19 

M 0.86 1.30 1.32 

Y 0.58 0.56 0.54 

 
Observing Table 2 it can be noticed that adding two types of nanoparticles into 
the WD will not cause significant colour differences of prints. The difference is 
slightly higher on M due to the increase of the CIE b* coordinate (original print 
has CIE b* = -2.02 while sample coated with w(SiO2) = 0.5% and w(ZnO) = 0.5% 
has CIE b* = 0.62). 

The varnishing often causes yellowing of the print which in colour coordinates 
reflects as a b* coordinate increase (Simonot and Elias, 2004). 

3. 2 Densitometry of the prints 

Density measurements were performed on the patches of different nominal 
tone values (0 – 100%) and afterward tone values (TV) were calculated using 
Murray-Davies formula (Lychock, 1995). 

To enable better assessment of coating influence, in Table 3 and  
 tone value differences are presented, where positive values mean that TV of 
coated sample is higher than one on the uncoated sample. 

The TV difference is highest on yellow halftones (Y) in the mid-range with 
highest difference on sample coated with WD+ZnO, W(ZnO) = 0.1 %. The 
lowest influence is noticed at magenta (M). 

The results of calculated TV differences indicate that coating of the samples 
could lead to darkening of the halftone images. Furthermore, having in mind 
tolerances set by the standard, these differences of round 5% cause new 
process setting (ISO, 2013). 
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Table 3: TV difference between coated and uncoated samples on TV patch with 
nominal value of 40 and 50 % 

w (nanoparticle) / 
% 

0.1 0.5 1.0 

sample WD+SiO2 WD+ZnO WD+SiO2 WD+ZnO WD+SiO2 WD+ZnO 

K40 4.01 4.98 3.83 3.43 5.15 3.56 

K80 1.34 1.31 1.54 0.56 1.57 0.88 

C40 4.18 5.11 2.97 2.87 3.06 3.92 

C80 0.96 1.03 1.17 1.08 1.56 1.30 

M40 3.09 5.03 4.16 4.15 3.31 3.88 

M80 1.87 1.25 1.05 0.47 1.10 1.02 

Y40 4.17 5.47 4.50 5.15 5.26 4.26 

Y80 1.65 1.53 1,24 1.34 1.46 1.21 

 
Table 4: TV difference between coated and uncoated samples on TV patch with 
nominal value of 40 and 50 % 

w (ZnO) / % 0.1 0.25 0.5 

K40 3.928008 4.75 5.02104 

K80 1.559564 1.334319 1.802298 

C40 4.20198 6.240383 5.09207 

C80 1.240181 1.116752 1.278077 

M40 3.026352 6.20354 5.183982 

M80 0.475654 1.586287 1.480573 

Y40 3.245057 6.196283 5.2874 

Y80 0.531726 1.605734 1.495779 

 
Although coating with nanocomposites including only one nanoparticle, SiO2 
or ZnO, the coating with nanocomposite including both nanoparticles in 
proposed concentrations of w(SiO2) = 0.5% and w(ZnO) = 0.25 and 0.5% lead 
to a significant increase of the TV, i.e. darkening of the halftone images. These 
results are in line with results of the colour difference (Table  2). 

3. 3 Barrier behaviour of coated samples 

Figure  shows WVTR of investigated samples. As mentioned before, SiO2 is a 
nanoparticle which should increase the barrier properties to the water vapour 
and therefore, measurement of WVTR od samples coated with nanocomposite 
including ZnO was performed only on sample with w(ZnO) = 0.5%. 

KD and WD in Figure  are samples without coating (KD) and sample varnished 
with plain WD (without adding nanoparticles), respectively. 

As it can be noticed from the Figure 1 adding nanoparticles significantly 
decreases WVTR, i.e. increases barrier behaviour. The increase in the w(SiO2) 
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causes decrease of the WVTR. The lowest WVTR was measured on sample with 
both particles included (w(SiO2) = 0.5% and w(ZnO) = 0.5%). 

By adding only the ZnO nanoparticles in the WD, the lowest decrease of VWTR 
was noticed due to its partly ionic and a partly covalent character, i.e. due to 
molecularly and dissociative adsorption of water onto ZnO. 

Figure 1: WVTR of investigated samples 

According to Bota et al. (Bota et al., 2017) dissociative adsorption of water 
vapour is mostly occurring on the Zn– polar surface, while the molecular 
adsorption occurs on the O– polar surface. It was found that water molecules 
are mostly dissociatively onto ZnO at all temperatures in the form of OH⋅ and 
H⋅ radicals, where the adsorption of OH⋅ radical takes place onto a Zn+ site on 
a zinc oxide surface. The unpaired electron on OH⋅ radical combines with free 
electron associated with Zn+ site, which results in a strong homopolar bond.  

3. 4 Results of the samples exposed to the artificial ageing process 

Previous research showed that in the proposed ageing time (30h) and 
irradiance (550 W/m2) black and cyan are not changed, while yellow fades most 
significantly (Hudika et al., 2020)(Cigula et al., 2020). This experiment 
confirmed that behaviour, so in this study, only data for the yellow are 
presented. 
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a)   

b)  

Figure 2: CIE b* coordinate of paper coated with nanocomposites: a) WD + SiO2/ZnO 

b) WD + 0.5 % SiO2 + ZnO 

From the Figure 2 it is visible that adding ZnO nanoparticles is probably 
improving degradation of optical brighteners in paper (the used paper has high 
optical brighteners according to the OBA check function of spectrophotometer 
(Techkon GmbH, no date)). Furthermore, it can be seen that even 
nanocomposites with SiO2 are improving the b* coordinate increase, i.e. 
degradation of optical brighteners. The same behaviour is present in the 
nanocomposites which include mixture of both investigated nanoparticles. 

 
Figure  3 shows density decrease (∆D) as a consequence of the colour fading 
due to UV irradiation. ∆D is calculated using equation 2: 
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∆D = Db – Da     (2) 

where Db is density of sample before artificial ageing process and Da is density 
of the sample after artificial ageing. 

Please note that for sample WD+SiO2+ZnO, the mass concentration of SiO2 in 
all nanocomposites is set to 0.5%. 

 
Figure 3: Density change (∆D) of yellow after artificial ageing process 

It is visible that lowest density change is achieved by application of coating with 
WD+ZnO where w (ZnO) was 1 %. The nanocomposites including both 
nanoparticles also decrease colour fading due to artificial ageing, even 
producing best results in the same nanoparticle concentration (w 
(nanoparticle) = 0.5%). 

As ZnO is known to absorb UV (Wang et al., 2009), it was expected that 
nanocomposites including ZnO nanoparticle would decrease ink fading.  
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Figure 4: WVTR of aged samples 

Although artificial ageing decreased WVTR of all investigated samples (Figure 
1, Figure 4) it is visible that samples coated with nanocomposites have higher 
barrier properties to the water vapour.  

4 CONCLUSIONS 

The aim of this paper was to evaluate modification of commercial water-based 
varnish by determining its protective properties regarding colour degradation 
as well as barrier properties. 

Results showed that applying prepared nanocomposite coatings do not cause 
significant colour change (max. dE2000 = 2.84) but do increase the tone value at 
80% nominal value for almost 5%. Furthermore, barrier to the water vapour is 
increased by adding nanoparticles. Adding ZnO into the composite decreases 
yellow fading because of accelerated ageing. 

This research proved the positive influence of added nanoparticles into the 
commercial varnish by increasing its protective role in print’s ageing and 
barrier properties while just slightly changing the primary colour apearence. 
Further research should be performed to determine other important aspects 
such as applicability in regular printing process, halftone images darkening etc. 
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Abstract: Defining dynamic colour change is one of the main tasks in the 

development of thermochromic indicators that can be applied to packaging. 

This study presents an approach to measure a dynamic colour change of six 

thermochromic samples that differ in colouration temperatures in the range of 

− 70 °C to 200 °C. A Fibre optic spectrometer connected to a custom-made 

measuring chamber together with a custom-made light source was applied to 

address several challenges that need to be considered in colour measurements 

of thermochromic indicators. Results show that the designed set-up is suitable 

for acquisition of colour coordinates of thermally treated samples in the studied 

temperature range.  

Keywords: thermochromism; colour measurements; dynamic colour change 

1 INTRODUCTION 

Packaging of goods mainly serves to protect, contain, promote, and inform 
about its content. In the case of sensitive goods, there are attempts to include 
speciality indicators in/on a packaging to communicate the current or previous 
conditions under which the good is or was transported (Fuertes et al., 2016). 
Such an intelligent packaging can include a thermochromic indicator to provide 
information about temperature (Gunde et al., 2011; Wang et al., 2015). More 
sophisticated systems even contain simple electronic circuits for interaction 
with internal or/and external peripheries (Sima et al., 2017). Nevertheless, the 
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simplest and most user-friendly identification is by a quick visual evaluation of 
the appearance of the indicator, which could also be included in automated 
video control. In this case, colour plays a crucial role.  

There are many examples of reversible thermochromic materials that can 
estimate the actual temperature of the object (Kulčar et al., 2010; Gunde et al., 
2011; Jakovljević et al., 2016). To evaluate the dynamic colour change of 
thermochromic materials, it is necessary to perform colour measurements in 
dependence on the temperature.  

The colour coordinates of the thermally treated thermochromic sample can be 
acquired by spectrometers or digital cameras. In the literature benchtop 
(Kulčar et al., 2010), handheld (Panák et al., 2012; Friškovec et al., 2013), or 
fibre optic spectrometers (Rožić et al., 2020; Strižić Jakovljević et al., 2020) are 
reported. Other methods use digital cameras for non-contact measurements 
(Panák et al., 2018; Booth et al., 2021). Temperature control can be performed 
by water circulation connected to a regulated bath reservoir (Kulčar et al., 
2010; Panák et al., 2012; Friškovec et al., 2013; Panák et al. 2015; Rožić et al., 
2020; Strižić Jakovljević et al., 2020), or by regulated units including Peltier 
elements (Panák et al., 2018; Booth et al., 2021).  

MyCol d.o.o. is currently developing irreversible thermochromic indicators that 
can be produced by conventional printing techniques. These indicators can 
serve in a variety of applications and are aimed at identifying temperatures 
that exceed a certain value immediately or later. The range of temperatures 
varies from far as − 70 °C to that possibly exceeding 200 °C. Since a colour 
change plays a crucial role in the indication of temperature, the assessment of 
a colour change is a key process in the development of such products. This 
contribution introduces a unique solution developed by MyCol, d.o.o. to obtain 
non-contact measurement in a wide range of temperatures in an isolated 
atmosphere.  

2 MATERIALS AND METHODS 

2. 1 Samples 

Temperature indicators with various temperature regions of their activation 
have been prepared. The thermochromic inks developed and produced by 
MyCol d.o.o. were applied on the surface of the self-adhesive paper label MP 
CHROM 80 F KRSO (Muflon, d.o.o). In this study, six indicators, I_180, I_115, 
I_90, I_60, R_−20, R_−65, were measured. The letters I and R denote a type of 
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indicator: irreversible and reversible, respectively. The number denotes the 
approximate activation temperature at which the colouration appears. 

2. 2 Sample tempering 

The tempering of the samples was carried out with the Temperature 
Controlled Plates HGP-01 and the Temperature Controlled Plate HGP-02 
(Kambič d.o.o.) specially designed for the measurements of thermochromic 
labels. The HGP-01 device consists of two cooling/heating plates, Cold and Hot, 
and HGP-02 of one cooling/heating plate of 40 mm × 40 mm size. The 
temperature range for the Cold side of HGP-01 is from −7° to +95 °C, while the 
Hot side has a range from +40 to +250 °C. The temperature range of the HGP-02 
device is from −100 to 10 °C. Each plate is regulated by its own microprocessor 
controller and can be connected to a computer with software supplied by the 
producer. This software allows for setting up the program of operation in the 
heating-cooling regime of the device and data recording (temperature and 
time).  

2. 3 Colour measurements 

There are several challenges that are addressed in the colour measurements 
of thermochromic samples. The applied measuring system should be able to 
withstand the temperature range of the heated/cooled sample. In our case, it 
is an interval from – 100 °C to 250 °C that the HGP-01 and HGP-02 plates cover. 
The measuring system must be totally isolated from the sample, so that it 
cannot withdraw the heating/cooling energy from the heated/cooled sample. 
These two factors need non-contact measurements, where the probe is in a 
distance from the measured surface. Our setup utilises a fibre optic 
spectrometer HR4000 (Ocean Insight) connected to OceanView 2.0.8 
application software through which the spectral and colorimetric data were 
recorded (reflectance, CIELAB coordinates, and time).  

It must also be ensured that the outer environment (especially lighting) is not 
influencing the measurement. For this reason, the measuring system shall be 
a closed system. At freezing temperatures, it must be ensured that the 
measurement is not influenced by the fogging of the optical elements applied 
in the measuring system. To address these issues, we built a closed chamber 
with connectors through which nitrogen gas can be blown in and out. The 
chamber has a collimation lens, which is approximately 20 mm from the 
sample surface and collects reflected light at the sample normal. Light is 
collected from an area of about 3 mm in diameter and transmitted by optical 
fibre (600 µm) to the spectrometer. The light from a light source is transmitted 
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along a bifurcated optical fibre (2 × 600 µm) to the measuring chamber and 
illuminates the sample from 45° and −45° from the sample normal. The 
measuring chamber is shown in Figure 1. 

 
Figure 1: The measuring chamber 

Another challenging factor is a light source with sufficient intensity and a good 
spectral power distribution throughout the visible region. It should have 
limited emission in the NIR spectral region to protect the heating of the sample 
by the light source. To address these issues, we have built our own light source 
using full spectrum LED chip SKU YJ-VTC-135L-G01-56 (Beijing Yuji 
International Co., Ltd). This light source was aimed to replace the conventional 
halogen light source DH-2000 (Ocean Optics), which exhibited some limitations 
in intensity (long integration time) and lack of energy in the short wavelength 
region of visible spectrum.  

2. 4 Procedures 

Comparison of light sources was done by measuring the reflectance of the 
white Spectralon (Labsphere) calibration standard. The integration time for 
each light source was set to have sufficient intensity of the signal, about 12 000 
counts of maximum. The boxcar width was set to 5. The recorded range was 
390–720 nm with a native reporting interval. 

Thermochromic indicators were stuck on heating/cooling plate. The 
measurement setup was calibrated on the white Spectralon standard using a 
custom-built light source. The measuring chamber was attached to the 
heating/cooling plates GHP-01/GHP-02. When necessary (low temperature 
measurements), nitrogen was blown in the chamber at higher rate before 
measurement started to deplete moisture and avoid condensation on the 
sample surface. The rate of nitrogen flow was then reduced during the 
measurement. The recorded data on the time temperature of the heated / 
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cooled plate, together with the data on the time colorimetric coordinates, 
were evaluated and the dynamic colour change in terms of colour difference 
ΔE*

ab in dependence on the temperature was visualised The ΔE*
ab was 

calculated with respect to the state with the lowest temperature.  

3 RESULTS 

3. 1 Comparison of light sources 

Figure 2 represents the spectral distribution in the relative counts reflected 
from the white Sectralon standard. Custom built LED light source gives more 
energy below 470 nm and lower energy above 630 nm. It does not emit in the 
near-IR region. The signal in the blue region reflected from the white standard 
seemed to be more stable over time in the case of the LED light source, which 
improved the calibration stability.  

 
Figure 2: Spectra of LED (custom build) and DH-2000 halogen (Ocean Optics) light 

sources 

3. 2 Colour measurements of thermochromic indicators 

The dynamic colour change of the thermochromic samples described in 
Chapter 2.1 measured with a custom-built chamber and a custom-built LED 
light source is shown in Figure 3. The colour measurement system presented 
in this study proves to be applicable in measurements of dynamic colour 
change of reversible and irreversible thermochromic indicators operating in a 
wide range of temperatures. It is possible to obtain colour coordinates at very 
low temperatures without unwanted humidity condensation. Reversible 
thermochromic indicators R_−20 and R_−65 exhibit typical hysteresis of similar 
type reversible thermochromic materials of. In the case of irreversible 
indicators, the colour changes only upon heating.  
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Figure 3: Dynamic colour change of thermochromic indicators with diverse 

colouration temperatures. Letters I and R denote irreversible and reversible indicators, 

respectively. The number denotes the approximate activation temperature. Letters C 

and H denote the cooling and heating direction, respectively.  

4 CONCLUSIONS 

Here we tested the custom-built measuring setup designed to evaluate the 
dynamic colour change of thermochromic indicators. The unique solution has 
proven its applicability in wide temperature range, from −70 °C to 200 °C, as 
shown in six reversible and irreversible thermochromic indicators with various 
activation temperatures. Humidity condensation was restricted by nitrogen 
flow in a closed measuring chamber. The good quality of a signal recorded by 
the fibre optic spectrometer was achieved by application of a custom-built LED 
light source.  

These are the first measurements made with the custom-built system 
presented. They are the only colour measurements of thermochromic 
indicators reported over such a wide temperature region. The full range of 
temperatures (− 100 °C to 250 °C) will be possible to test after the preparation 
of the relevant thermochromic indicators.  
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Abstract: Potential solutions by using additive manufacturing processes for 

customised bio-based packaging will be introduced. Two processes will be 

applied, fused filament fabrication (FFF) and binder jetting (3DP), both in 

combination with nearly entirely bio-based material systems. The focus is on 

individual packaging, as a representative of components with a defined short 

service life, which currently generate high unit costs for small to medium 

quantities. The biobased materials consist on the one hand of biobased 

polymers or binders, and on the other hand of renewable raw materials with 

residual character. These material combinations have not yet been used in 

additive manufacturing processes and offer enormous application potential 

through upcycling. 

Keywords: packaging, 3D printing, binder jetting, 3DP, FFF, residues, bio-based 

1 INTRODUCTION 

Packaging of goods usually consists of an outer packaging (e.g. cardboard) and 
an insert adapted to the component. These so-called interior fittings of 
packaging are either made of plastic - mostly polystyrene or polyethylene - or 
cardboard. There is both an economic and ecological desire for one-
component packaging, i.e. outer packaging and interior fittings are made of the 
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same recyclable or biodegradable material. On the one hand, polystyrene 
should be avoided from a purely economic point of view, as it leads to higher 
costs in multi-component packaging and makes disposal more difficult. Added 
to this is the poor life cycle assessment of the plastic. For paper or cardboard 
interiors, which would allow single-component packaging, there are currently 
a number of manufacturing options, but these are geometrically limited and 
involve either large amounts of waste or expensive tools, see Figure 1. 

 

 

a) Stamping – Folding b) Scoring – Folding 

  
c) Stamping – Plugging d) Fibrecasting 

Figure 1: Production possibilities of interior furnishings from 
paper/cardboard/carton 

 
For these manufacturing with ecological materials the tooling costs of up to 
6,000 € for fibre casting tools are enormous. Due to that tool costs, fibre casting 
is not economical for small quantities (< 1,000 pieces). For stamping the 
material input is high through wastage. Both types of production are also very 
limited in the variety of shapes of the parts.  

For these reasons, plastics have been used up to now for lack of economic 
alternatives, for which there are several suitable manufacturing processes. If 
the required number of pieces is high, packaging is produced using the plastic 
injection moulding process. In this process, a plastic is liquefied (plasticised) 
and pressed into a mould with the help of pressure. After solidification, the 
part can be removed. The cost of injection moulds is very high at several 
10,000 € and the process is designed for mass production (> 50,000 pieces) 
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where it is very profitable. For smaller quantities it is not economically due to 
the enormous costs for the tools. In addition, there are higher costs due to the 
Packaging Act3. Another possibility is the cutting of inserts from plastic foam. 
Again, the main reason for this choice is the lack of availability of cost-effective 
manufacturing technologies for bio-based and biodegradable materials. 
Figure 2 below shows two examples of plastic interiors that currently cannot 
be economically produced from cardboard using the processes mentioned in 
Figure 1. 

  

a) Insert for circuit boards 
562 x 362 x 50 mm; Material: PE 

b) Two-piece packaging 
 for reference sphere 

65 x 65 x 150 mm; Material: PE 

Figure 2: Examples of plastic interiors 

 
In order to meet the requirements of the German Packaging Act as well as to 
cost-effectively produce small quantities of complex packaging geometries, the 
use of additive manufacturing processes is a promising approach (Zeidler et al., 
2018). 

2 MATERIAL AND METHODS 

2. 1 Materials 

Leftover paper dust from existing packaging processes is used as residual 
material in both processes, 3DP and FFF. Hausner number as well as Carr index 
determined with the characterised densities. Furthermore, the measured 
flowability with a ring shear tester shown in Table  (EN ISO 3953, EN ISO 60, 
ASTM D6773-16). 

 

3 The German Packaging Act (VerpackG) transposes the European Packaging Directive 
94/62/EC into German law. It regulates the placing of packaging on the market as 
well as the return and high-quality recycling of packaging waste. 
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Table 1: Determined densities and values for the flowability 

 Value Classification 

Solid density [g/cm³] 1.62  

Bulk density [g/cm³] 0.25  

Tap density [g/cm³] 0.34  

Hausner number [-] 1.33 reduced flowablility  

Carr index [%] 24.64 acceptable flowability 

Flowability at FP 0 [-] 1.73 very cohesive – not flowable 

 
The particle size distribution is shown in Figure 3. A sphericity of 0.74 
approximates a cubic form of the particles.  

 
Figure 3: Particel size distribution 

Different types of commercially available resin systems based on chemical 
modified rosin acides developed by Robert Kraemer GmbH & Co. KG are used 
as binders in 3DP and as an additive in FFF. 

 
Figure 4: Rosin as bio-based raw material (before chemical modification) 

Initial results and methods are presented using three rosin resin types, each of 
which is 100% bio-based. In fused filament fabrication, the liquid resin PP 7330 
is compounded into PLA 4043D as an additive. In Binder Jetting (3DP), the solid 
resins RK 3087 and RK 7065 are used as binders. The resins used for binder 
jetting were ground to the required fineness (< 180 µm). This was done in a 
vibrating disk mill. In this way, 100 g could be ground in batches of 10 seconds. 
The fine fraction (w = 180 µm) was then sieved off and fresh material was 
added. 
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2. 2 Fused Filament Fabrication (FFF) 

Inspired by the excellent results regarding the mechanical properties and 
compatibility of modified rosin resins with PLA as matrix in injection moulding 
applications (Buschbeck et al., 2020), first preliminary tests of this material 
combination for filament production were tested. A novel resin type PP 7330 
was compounded with 5% as additive in PLA 4043D on a twin screw extruder 
ZSC 25 from Noris Plastic GmbH & Co and filament with diameter 2,85 mm was 
fabricated on a High Speed High Precision Filament Line of Labtech Engineering 
Co.. Test specimens were printed from the filament on an Ultimaker S5 (cf. 
Figure 3, lef-hand side) and injected from the compound on the Arburg 
Allrounder 370A as a benchmark. The first results are shown in Figure 5, right 
hand-side. 

 
Figure 5: Printing of test speciments (left-hand side) and results of mechanical testing 

of printed and injected test speciments (right-hand side) 

2. 3 Binder Jetting (3DP) 

Binder jetting is an ink-based powder bed printing process. The applied powder 
consists of 85% matrix material (paper dust) and 15% binder powder (several 
biobased resins). A solution of 50% water and 50% ethanol is used as ink. The 
resins are locally and temporarily dissolved by the alcohol and thus glue the 
paper fibres to each other, cf. figure 6 (right). Samples are produced on the 3D-
Printer ZCorp 310 by Z Corporation. As test specimens, five cubes each with an 
edge length of 20 mm and cylinders with diameter and height of 20 mm are 
produced using the following print settings: layer height 0.1 mm, saturation 
140%. After printing, the parts are dried at 60 °C until a constant mass is 
reached.  
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Figure 6: Printing process (left), printed part (middle), microscope image of printed part 
at 200x zoom(right) 

The printed specimens have sufficient accuracy with a percentage deviation of 
0.5%. Furthermore, a compressive strength of 1.91 ± 0.33 N/mm² (RK 3087) 
and 1.41 ± 0.36 N/mm² (RK 7065) was achieved. Density of the printed parts is 
0.24 g/cm³ and therefore a porosity over 85%.  

3 CONCLUSION 

Using paper fibres as dust for additive manufacturing is a sustainable idea. It 
could be proven that this residual material fulfils the requirements for an FFF 
filler as well as for a matrix material in binder jetting (Jerman et al., 2020). First 
printing results could be presented with selected resins. The strength achieved 
in binder jetting is far above that of polysterol. In addition, the porosity is high 
and a high damping capacity can be assumed. An application as packaging inlay 
is therefore recommendable. To validate this, further studies on solubility and 
damping behaviour are planned. Using FFF, the PLA 4043D was made 
processable by adding PP 7330. The obtained Young's modulus property loss 
of 10% compared to the injection molded samples was expected due to the 
different processes. In a next step, the filler content of the paper dust residues 
will be increased up to 30% and the properties will be investigated in 
combination with the resins from Robert Kraemer GmbH & Co. KG. A 
demonstration part of mentioned material combinations is shown in Figure 7. 

 
Figure 7: 3DP-printed packaging with 15% RK 3087 and a FFF-printed structure with 

5% PP 7330 
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Abstract: The need for product packaging and storage appeared even before 

ancient times. To be transported from its manufacturer, the goods had to be 

protected in some way. The more efficient and secure the packaging, the 

further and safer the product could travel. Today, with the help of good 

packaging and transport, goods can arrive from one end of the world to the 

other. In order to achieve all this, the most modern technologies are used for 

that purpose. They are very popular and so-called smart packaging. These 

modern packaging are able to show the condition of the goods packed in them, 

as well as whether it is necessary to put the packaging in a colder or warmer 

space. Today, with technology development, the possibilities of packaging have 

expanded many times over. Smart packaging is already used for certain 

products, and in the near future, it will become something standard related to 

every package. This paper shows how to create a device using electronic 

components integrated into the transport packaging to measure different 

conditions. This device aims to show the amount of light or heat to which the 

packaging is exposed and to warn if these parameters do not comply with the 

prescribed ones. The test device used in this paper was constructed using an 

Arduino Uno board, a temperature and light sensor, an LED diode, and 

additional electronic components. The program codes with which the device 

works are written in Arduino IDE software, an open-source editor. The language 

used for the codes is based on the Python programming language. This paper 

showed only a small part of how smart packaging could use the Arduino 

environment in the future. The device tested in this paper can be used most 

efficiently on transport packaging due to its size. Its main application is to 
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detect the conditions around the packaging, process them, and then send the 

data or warning to the person in charge of product safety.  

Keywords: smart packaging, Arduino, sensors, transport, development 

1 INTRODUCTION 

Packaging means wrapping or bottling products to protect them from damage 
during transportation and storage (Your Article Library, 2019). The necessity of 
packaging increases to protect the goods from spoilage and damage, for easier 
handling and transport. The packaging must be functional, and practical to 
handle, and easy to use. The consumption of packaging materials mainly 
determines the price of packaging. That is why it is essential that it 
economically picks the dimensions of the packaging and chooses the most 
suitable material for packaging production (Industrija-, 2016). 

Smart packaging is a modern form of packaging with a specific sensor or 
indicator that shows customer information about the condition of the goods 
packed in the packaging. Smart packaging sensors can be made through 
various components such as Arduino components (Huff, 2008). 

The Arduino Uno is a microcontroller board with a universal serial bus (USB) 
connecting to a computer (Figure 1). The board has a series of contacts where 
external electronic components such as motors, relays, light sources, laser 
diodes, speakers, microphones and many others can be connected. In addition, 
the board can be powered by a computer via a USB port, a 9V battery, or a 
separate power source (Mikro knjiga, 2020). 

 
Figure 1: Arduino Uno board (Arduino, 2020) 
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Arduino boards can be programmed using a set of instructions that are sent to 
the microcontroller on the board itself. The Arduino programming language 
and the Arduino software, IDE, are used for these instructions (Arduino, 2020). 

The Arduino board is designed as electronics - hardware that can be controlled 
via open-source code. This has made it possible for various electronics 
manufacturers to make Arduino-compatible boards. (Mikro knjiga, 2020). 

2 MATERIALS 

For the needs of developing smart packaging sensors using Arduino 
components, Arduino board, prototype board, resistors, LED diodes, light and 
heat sensors, appropriate conductors and micro cables for connection and 
power supply via USB cable were used. 

2. 1 Arduino board 

The Arduino Uno comes in the form of a 6.9 x 5.3 cm board programmed via a 
USB interface. The USB-B connector, located on the board, is used for 
programming the device and its power supply while connected to a computer. 
However, suppose the device needs to operate independently of the 
computer. In that case, it is possible to use a special connector (2.1 x 5.5 mm) 
as a power source, through which an external power supply with a voltage of 
5-12 V is connected. A standard PP3 battery is often used for power. of 9V, for 
which it is necessary to obtain a suitable adapter. If the device is powered via 
a USB port, the maximum electrical current that can be counted on is 500 mA. 
In contrast, in direct power via the connector, the electrical current can go up 
to 1A (Svet kompjutera, 2018). 

2. 2 Breadboard 

These boards have simplified the design and testing of simple hardware 
devices. With their appearance, they need to rework printed circuit boards and 
solder components ceased while the device was still in the construction phase. 

All contact openings on the board can be divided into two groups. The first 
includes connectors located at the edges, and their purpose is to supply power 
to the components in the central part of the board. The connectors in these 
two rows are galvanically connected. One row (usually red) is for voltage 
distribution (+) and the other (typically blue) for grounding (-). Electrical 
current is supplied to any of the holes in this block from the power source and 
then distributed to other connectors of that order (Svet kompjutera, 2018). 
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2. 3 Light sensors 

Light sensors are photoelectric devices that convert light energy (photons) into 
an electrical signal (electrons). The power these passive devices can transform 
can be in the spectrum's visible, infrared, and ultraviolet parts (AspenCore, 
2018). 

2. 4 LDR 

LDR is made of one unprotected piece of semiconductor material, such as 
cadmium sulfide, which can change its electrical resistance from a few 
thousand ohms in the dark to a few hundred ohms when light falls on it. LDR 
works by creating free electron pairs in the material itself (AspenCore, 2018). 

2. 5 Resistor 

The resistor is one of the essential components in electronics. It consists of two 
wire conductors connected by a resistant material, usually applied to a 
cylindrical-shaped housing. Resistance is expressed in ohms (Ω). The resistor 
also has power, which is expressed in watts (W). 

2. 6 LED diodes 

LED (Light Emitting Diodes) are made of a type of light-emitting semiconductor. 
They combine P-type semiconductors (high concentration of positive carriers - 
cavities) with N-type semiconductors (high concentration of negative carriers - 
electrons). Exposure of the P-N junction to a certain voltage will force electrons 
and holes to recombine at the P-N junction, releasing energy in the form of 
light in the process. 

3 METHODS 

3. 1 Assembling and starting the device 

This device is made using the Arduino Starter Kit. It shows only a small part of 
what could be designed and made for packaging in the future, using better and 
more advanced technologies that already exist or will exist (e.g., 
nanotechnologies). 

In order for the device to work, it needs power. The Arduino board is powered 
by a 9V battery that attaches to the board itself. 
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In addition to powering the Arduino board, it was necessary to bring power to 
the prototype board so that all connected elements could function. This is 
achieved using conductors. 

The row where the conductor is connected thus received power, and it was 
necessary to attach one end of the light sensor to the same row. The other end 
of the light sensor was attached to the second row. 

After the circuit was formed, the electrical current could be too high for the 
device itself, so it was necessary to control it. A resistor is used for this. One 
end of the resistor was connected in the same row as the other end of the 
sensor, and the other end of the resistor was hooked up to a new, additional 
row. 

From the third row, to close the circuit, a conductor was connected that leads 
back to the Arduino board, to the GND socket, representing the ground. 

Another conductor was attached, so that the values read by the sensors could 
be displayed on a PC in Arduino software. One end of the additional conductor 
was in a row where one end of the light sensor and the other in the Arduino 
board. 

An additional small circuit was made for the LED, which indicates that the 
packaging is affected by the high level of light or temperature. One conductor 
is connected at one end to the Arduino board. The other end of the conductor 
is placed in a new row on the prototype board. 

A second resistor is placed in the same row to regulate the amount of electrical 
current flowing through the small circuit. One end of the resistor is placed in 
the same row as the conductor, and the other in the new row. 

One end is placed in this new row - the anode of the LED. The other end - the 
cathode of the LED is connected in a new row for grounding. 

Finally, a conductor is attached between the cathode of the LED and leads back 
to the Arduino board to the GND pin (Figure 2). 

This process composes the device, but it cannot function without the program 
code. 
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Figure 2: Arduino device with light sensor 

3. 2 Test device software 

In order for the device to work, it was necessary to write the appropriate code 
in the Arduino IDE. 

The code first specifies the pin names for the LED and light sensor. Using the 
codes “const int ledPin = 13;” and “const int ldrPin = A0;” it was explained that 
pin 13 will be called ledPin, because an LED is attached to it, and A0 will be 
called ldrPin because of the light sensor (Figure 3). These are constants that 
will not change. Int represents an integer. 

 
Figure 3: Specifying pin names 

The initial program parameters are set in the void setup section (Figure 4). 
These are the parameters that define the whole program. "Serial.begin 
(9600);" command sets the speed at which the Arduino sends information. In 
this case, the Arduino sends 9600 bits per second. In short, this command 
specifies the rate of repeating the execution of given operations. 
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Figure 4: Specifying pin names 

Also, in this section, the pin mode is defined. Command “pinMode (ledPin, 
OUTPUT);” defines the LED pin as the place that will output the feedback and 
process information that we can read on display, and the command "pinMode 
(ldrPin, INPUT);" pin of the light sensor as a place that will receive and read 
information from the environment.  

As mentioned earlier, the void loop section serves as the main part of the code 
(Figure 5). The first thing defined in this section is to read the amount of light 
falling on the light sensor. This is done using the command "int ldrStatus = 
analogRead (ldrPin);". 

 
Figure 5: Void Loop section 

The light sensor works by sending a value between level 0 and level 1024 to 
the Arduino board. In the range of possible 5V, this value of the Arduino board 
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translates into a 10-bit code. Thus, 0 represents complete darkness, while 1024 
is the maximum illumination. These numbers can be translated into lux or 
lumens with the help of additional codes and formulas if the user needs them. 

The next thing written in the code is the If Else loop that turns the LED light on 
or off depending on the amount of light to which the sensor is exposed. The "If 
(ldrStatus <= 300)" command is used to check whether the amount of light to 
which the sensor is exposed is less than 300. 

In case the situation is like this, the next thing that is defined is that you need 
to turn on the LED lamp using the command "digitalWrite (ledPin, HIGH);". 
After that, with the command "Serial.println (" LDR is DARK, LED is ON ");" the 
user is explained that the amount of light falling on the sensor is too small and 
that the LED is active because of this (Figure 6). 

 
Figure 6: Amount of light less than 300 

In case the amount of light to which the light sensor is exposed is more 
significant than 300 (else), the command "digitalWrite (ledPin, LOW);" 
deactivates the LED (Figure 7). 
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Figure 7: Amount of light greater than 300 

4 CONCLUSION 

This paper showed only a small part of how the Arduino environment could be 
used in the future. The device tested in this paper can be used most efficiently 
on transport packaging due to its size. Its main application is to detect the 
conditions around the packaging, process them, and then send the data or 
warning to the person in charge of product safety. This paper shows how to 
give a device notice for inappropriate light conditions, but that is only a tiny 
part of what such devices could do and display in the future. 

More importantly, this work has shown how such devices will become an 
everyday part of all packaging and that their possibilities are great. With the 
appropriate programs and codes, they could offer, in addition to the 
temperature and amount of light, the color of the product, as well as whether 
the product was previously removed from the packaging without 
authorization. Furthermore, they could detect and display atmospheric 
conditions around effects such as earthquakes, fires, and rains. With a few 
clicks on the phone, we could also get accurate information about how many 
degrees Celsius our product currently has and where it is in a warehouse. 

Computers are becoming smaller and more compact, and soon 
microcomputers will be installed on primary (product) packaging without any 
problems. In addition, small microprocessors could tell customers on the 
phone if the can they approached was damaged and if it had expired. 
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Abstract: Chitosan presents a great matrix for the alternative to conventional 

plastic-based packaging. In this study, chitosan-based films with cellulose 

nanocrystals as reinforcement were prepared and processed by the means of 

CF4 plasma for various durations (from 1 to 30 s) and the change in the contact 

angle was observed. It increased from initial 90 ° to 100 ° already in the first 

second, and reached maximum at 120 ° after treatment time of 5 s. With 

further treatment, the water contact angle decreased slightly, possibly due to 

the surface etching. With X-ray Photoelectron Spectroscopy, it was confirmed 

that total fluorine concentration on the biopolymer surface reached 48 at%. 

Furthermore, occurrence of various C-F bonds were confirmed in performed 

surface analysis where CF2-CF2 and CF-CF2 are being prevalent after longer 

treatment times. With plasma treatment, water-related properties were 

improved without negatively influencing the material’s mechanical properties. 

It was observed, that the fluorine concentration, hydrophobic character and 

water barrier properties did not decline during the tested period of 31 days.  

Keywords: biopolymers, hydrophobic surface modification, packaging, plasma 

processing, chitosan  
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1 INTRODUCTION 

Chitosan, a derivate of chitin, the second most abundant biopolymer in nature, 
has been extensively studied for numerous applications. Because of its ability 
to form films, it presents a suitable matrix for sustainable packaging such as 
wrappings, bags and sachet. Such films are non-toxic, biodegradable, have 
good mechanical, antioxidant and antimicrobial properties. Various additives, 
such as natural extracts and etheric oils, can be incorporated in order to 
enhance antioxidant and antimicrobial properties (Bajić et al., 2019b). It was 
previously discovered that the addition of cellulose nanocrystals (CNCs) into 
chitosan film forming solution enhance mechanical properties with 
improvement of the film’s strength for 120 % (Lavrič et al., 2021). However, 
water-related properties, such as water repellence and prevention of water 
vapour transmission are not as good as in conventional, petroleum-based 
packaging. Hydrophobicity can be improved by two approaches: i) modification 
of the surface chemistry with non-polar agents and/or ii) changing the 
morphology by roughening the surface. So far, reports on hydrophobization of 
chitosan films include synthesis functionalization of chitosan surface with 
various reagents resulting in N-lauryl chitosan, N-dimethylaminopropyl 
chitosan (Muzzarelli et al., 2000), chitosan methylcarbamate and 
ethylcarbamate (Cárdenas et al., 2002) or addition of hydrophobic additives 
such as Carnuba wax (Despond et al., 2005). Plasma processing is ultrafast and 
efficient in hydrophobization of the materials, but is not yet well researched. 
Furthermore, no harmful chemicals are needed and no liquid waste is 
produced.  

2 MATERIAL AND METHODS 

2. 1 Film preparation and plasma processing 

Chitosan films reinforced with CNCs were prepared according to a previously 
described protocol (Bajić et al., 2019a). Briefly, chitosan was dissolved in 
aqueous solution of lactic acid (1 v/v %) in amount of 1 wt%. Glycerol was 
added for its plasticizing effects in amount of 30 wt% according to the mass of 
biopolymer. CNCs were added in amount to reach 3 wt% according to the mass 
of biopolymer. The films were then dried in the ventilation oven (ventilation 
rate 30 %) for 48 h. The obtained samples were light-brown and transparent. 
The sample in size of approximately 2x6 cm was placed on the microscopic 
glass and fixed with double-sided carbon tape on the bottom side introduced 
into the plasma system schematically presented in Figure 1. The setup is 
described in more detail in Holc et al. (2018). In the present study, the 
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treatments were carried out with CF4 as a carrier gas, power of 150 W, at 
pressure of 50 Pa for 1 s, 2 s, 3 s, 5 s, 10 s, 20 s and 30 s.  

 
Figure 1: Schematic presenatation of plasma processing system.  

2. 2 Surface analysis 

Hydrophilic to hydrophobic conversion was followed through static water 
contact angle (WCA) measurement immediately after the treatment. The 
samples were analysed as they were treated, on the glass substrate with sessile 
drop method, using goniometer Drop Shape Analyser DSA-100 (Krüss GmbH, 
Hamburg, Germany). The angle was calculated from an image captured 5 s 
after a drop of MillliQ water with volume of 4 μL was released onto the surface. 
4 replicates were taken for each sample. To further inspect the modification 
and surface saturation, the surface chemical composition of the samples was 
analysed by X-ray Photoelectron Spectroscopy (XPS instrument TFA XPS from 
Physical Electronics, Munich, Germany). The samples were excited with 
monochromatic Al Kα1,2 radiation at 1486.6 eV over an area of 400 µm2. 
Photoelectrons were detected with a hemispherical analyzer positioned at an 
angle of 45° with respect to the normal of the sample surface. XPS survey 
spectra were measured at a pass energy of 187 eV using an energy step of 0.4 
eV. High-resolution XPS spectra of carbon C1s were measured at a pass energy 
of 29.35 eV using an energy step of 0.125 eV. An additional electron source was 
used for surface charge neutralization. The C-C component in C1s was set to 
the binding energy of 284.8 eV. The measured spectra were analysed using 
MultiPak v8.1c software (supplied by Physical Electronics, Munich, Germany). 
The C1s spectra were fitted with the Gauss-Lorentzian function. The width and 
positions of the peaks were fixed during the fitting procedure. 

2. 3 Moisture Content, Thickness and Mechanical Properties 

Moisture content (MC) was analysed with HE53 Moisture Analyzer (Mettler 
Toledo, United States). The thickness of the films was measured with ABS 
Digital Thickness Gauge (Mitutoyo, Aurora, USA). Tensile strength and 
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elongation at break were measured according to guidelines of the American 
Society for Testing and Materials (ASTM) D 882 standard method (ASTM 
C1147-D359) with XLW Auto Tensile Tester (Labthink, China). 

3 RESULTS 

It was observed that the WCA increased rapidly in the first two seconds of the 
processing, rising from 92 ° ± 1 ° to 119 ° ± 0.2 °, and settled around 120 °, 
which points to saturation of surface with fluorine. The stability of the 
modification was confirmed through ageing of the sample treated with plasma 
for 5 s. The WCA remained constant during the period of 31 days (Figure 2a). 
Considering the atomic composition of the treated samples presented in Figure 
2b, it is evident that the saturation of surface with fluorine occurs concurrently 
with the WCA maximum, after 3 s of treatment, with the atomic concentration 
48 at%. For further analysis, the sample treated for 5 s was employed. In Figure 
2c and d, high resolution C 1s deconvoluted spectra of the untreated and 
treated samples are presented. The observed peaks placed at 289 eV, 288.2 
eV, 286.8 eV and 284.3 eV correspond to O-C=O, O-C-O, C-O and C-C bonds, 
respectively. Their intensity decreases after plasma treatment. At the same 
time, the newly formed bonds related to fluorine appeared. The most 
prominent are CF2-CF2 and CF-CF2, followed by CF3 and O-CF2 and O-CF3. The 
peak formerly corresponding only to O-C-O overlaps with CF-CF after the 
treatment. The analysis was repeated after 31 days and confirmed the constant 
composition. 

Regarding the MC, it was observed that in the treated film it was 9.2 ± 0.32 %, 
which is lower than its untreated counterpart where the measured MC was 
11.6 ± 0.42 % (Figure 3). The thickness of the films did not vary between treated 
(0.10 ± 0.011 mm) and not treated films (0.10 ± 0.021 mm). The treatment did 
not negatively impact mechanical properties of the films, on the contrary, 
tensile strength (TS) and elongation at break (ε) both increased. TS with initial 
value of 1.4 ± 0.4 MPa was increased to 2.3 ± 0.5 MPa, while ε increased from 
63 ± 13% to 78 ± 10 %.  
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Figure 2: a) Time-evolution of the water contact angle and ageing of the sample 

treated for 5 s, b) atomic composition of the films in dependance to treatment time c) 

high-resolution C 1s spectra of the not-treated sample and d) high-resolution C 1s 

spectra of the sample treated for 5 s. 

 

Figure 3: Tensile strength and moisture content of the non-treated and treated 

sample. 

4 CONCLUSION 

In this research, chitosan-based films with incorporated cellulose nanocrystals 
were processed with CF4 plasma. Fluorine, bonding to the surface mainly 
through CF2-CF2 and CF-CF2 bonds, provided the increase in the films’ water 
resistance, without negatively affecting their mechanical properties. The 
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composition of the films and obtained higher hydrophobicity remained stable 
over the period of 31 days.  
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Abstract: Digital printing is constantly winning more and more space between 

the printing techniques, demand of the market on short runs, personalized 

prints and short turnaround times is growing rapidly. In the same way is 

growing the demand on eco-friendlier, preferably biodegradable substrates for 

production of flexible packaging. In our research we aim to examine, how does 

biodegradable substrates effect the printable color spectrum, how the 

connection of compostable inks and biodegradable printing substrates effect 

on the printable color spectrum. 

Keywords: biodegradability, compostability, color gamut, digital printing, 

packaging 

1 INTRODUCTION  

Biodegradable materials are becoming a popular possibility for the consumers 
demanding more ecological and greener solutions. The biggest advantage of 
these polymers is, that they didn´t remain stable for many years, but they are 
able to be broken down by microbes under stated circumstances and can be 
turned into biomass, water and carbon dioxide. We suppose, that biobased-
materials will not solve the entire plastic crisis, but they can help to reduce the 
amount of plastic made from crude oil or natural gas.  

Flexible packaging is a dominant part of the printing sector, because more than 
70 percent of the market is accounted for food - there will always be high 
demand for food packaging. (Machikawa, 2021). Flexo printing will be later on 

mailto:vach.klaudia@gmail.com
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the dominant printing method for medium-to-long-run jobs, but there is 
a rapidly growing demand on short runs. The rise of e-commerce and social 
media has led the modern consumer to expect a wide range of consumer 
packaged goods and fast delivery. (Machikawa, 2021) Therefore the product 
lifecycles are much shorter, we can observe a big pressure to handle the short 
run jobs, also a quick turnaround is expected. Flexible packaging printers must 
change their policies to meet these needs. This is the point, where digital 
printing steps in. According to the newest trends and forecasts, flexoprinting 
will stay the dominant printing technique when printing on flexible packaging 
materials but digital printing is forecasted to make the most dynamic growth 
in the printing industry. 

For the purposes of our project, we used two types of biodegradable materials 
– PLA and PP. Biodegradable polypropylene is a thermoplastic polymer, with 
good strength, stiffness and resistance capabilities. The material is durable for 
a long period, but thanks to an additive, the products from this material can be 
decomposed in a landfill. The PLA foil – polylactide, polylactic acid – is 
a biodegradable thermoplastic polyester, which is made from renewable raw 
materials and is industrially compostable. Our general focus is the printability 
of flexible packaging materials by the modern and broadly used printing 
techniques.  

Every digital printing process is unique and it´s similarly complicated to have 
color management under control as in analogue printing techniques. The final 
result is significantly depending on the printed substrate. The digital print on 
flexible packaging materials needs to be researched, therefore our testframe 
will include testcharts to be able to assess the printable color space and various 
other test elements to evaluate the possibilities. The testframes were be 
printed on PLA and biodegradable polypropylene films. Through this research 
we plan to broaden the disposable information about the digital printing 
technology in connection to circular economy and greener packaging. The 
evaluation also contains visualizations of the printable color spectrum and 
other possible descriptions of the printing process on these biodegradable 
materials. 

2 MATERIAL AND METHODS 

2. 1 Polylactic acid and polypropylene 

Some new aspects of the packaging, like the longer shelf life, international 
safety and quality standards, etc. have won on importance in the last years. 
Moreover, the concern about the environmental consequences of the 



295 

extensive use of nonbiodegradable plastic materials for packaging has boosted 
the demand for bio‐based sustainable packaging solutions. (Sharma, 2021) For 
the aims of this research we used two popular biodegradable materials – PLA 
and biodegradable polypropylene. 

The usage of biodegradable materials in flexible packaging is continuously 
conquering place. There are several bioplastics, but not all of them are suitable 
for flexible packaging use. Polylactic acid is a very popular, feasible 
replacement of petroleum-derived packaging materials. Being fully 
biodegradable and being derived from natural resources, PLA appears to be a 
beneficial choice in the packaging sector. (Sharma, 2021). Polylactic acid (PLA) 
is an aliphatic polyester made up of lactic acid building blocks and a 
biodegradable material that can be processed using the common processing 
techniques, such as injection molding, extrusion, and blow molding. (Goodsel 
and Madbouly, 2021). It can be produced from natural renewable plant sources 
like corn sugar, sugar cane or potato. Because PLA is compostable and derived 
from renewable sources, it has been considered as one of the solutions to 
alleviate solid waste disposal problems and to lessen the dependence on 
petroleum-based plastics for packaging materials. (Lim, Auras and Rubino, 
2008). There can still appear some problems with the quality of the PLA, like 
brittleness, weak thermal, barrier or mechanical properties, but there is a really 
intensive research on the modification of the material-structure by adding 
some nanoparticles like nanoclays, nanopigments or carbon nanotubes 
(D’Anna, Arrigo and Frache, 2021). To defeat these problems is possible to 
blend the PLA with other bio-polymers. Blending is a more practical and cost-
effective method for this purpose.  

Polypropylene is usually not a biodegradable material. The strong polymers 
creating the polypropylene are steady, allowing the material to be 
durable over long periods of time and to extend the shelf life of its 
product many times over. The degradation time of standard polypropylene – 
and plastic foils at all – is between 200 and 1000 years, what can´t be held for 
an ecofriendly solution, mainly for the one way packaging applications. As well 
as there are many researches to improve the bioplastics, there can be observed 
many good results in making the polyolefins biodegradable. Adding some 
special additives or nanocomposites seem to solve this problem. Thus, new 
blends are coming to the market, for example chitosan/ZnO nanocomposite 
(Darwish et al., 2021), modified-cobalt stearate (Sable, Ahuja and Bhunia, 
2020) or other specific additives are mixed to the polypropylene. The effect is 
the biodegradability of the polypropylene, however the rates of the 
biodegradation will be various in the biologically-active landfills according the 
product configuration, the solid content, temperature and moisture levels of 
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the landfill. For the aims of this research we selected these two materials – the 
PLA and the degradable PP - to examine their printability attributes. We´ve got 
a third printed sample printed on standard polyester PET foil (biaxially-
oriented polyethylene terephthalate is a polyester film made from stretched 
polyethylene terephthalate and it´s widely spread because of its high tensile 
strength, barrier properties, stability, transparency, reflectivity, etc. ), so we 
could make also a comparison to a widely used, but not biodegradable 
material.  

2. 2 Printing machine, inks and the frame 

Hewlett–Packard Indigo Division develops and produces several types of digital 
printing presses. As mentioned previously, the scope of our research was to 
investigate the printable color gamut by digital printing, where for the 
purposes of our project the testing machine is the by now one-and-only HP 
Indigo 20000 in Hungary. The ink used in the HP Indigo 20000 – the ElectroInk 
- is a complex fluid of unique rheological and electrical properties. It is a 
mixture of a dielectric fluid carrier, polymeric particles bearing colorants and 
additives (Forgacs and Teishev, 2013). Due to some additives the polymeric 
particles got an electrical charge and are managed by an external electrical 
field. During the process the ink is transferred from roller to roller and its 
concentration increases from dilute dispersion in the ink reservoir to 
completely dry on the substrate ensuring that each printed frame is different 
(Forgacs and Teishev, 2013).  

HP digital printing technology is a perspective solution for eco-friendly 
customers, because HP Indigo already offers impressive ecological attributes. 
Thus, they achieved the certification by TUV Austria, getting the marks of 
compostability to HP, verifying HP Indigo ElectroInks, so they can be used as 
printing inks for packaging recoverable through composting and 
biodegradation in accordance with leading standards, such as EU regulation EN 
13432. (Packaging Europe, 2019). It´s also an impressive fact, that HP Indigo is 
a member of the European consortium called Circular Economy for Flexible 
Packaging. Thus the connection of a biodegradable substrate and compostable 
inks can result an ecological solution in the flexible packaging industry. 

The biggest possible frame size was 1120x740 mm. It is an impressive size, 
where it was possible to put really any test element, we wanted. For further 
researches we implemented all elements of a flexographic printing testchart, 
because we plan to realize some comparative investigations. On our digital 
testframe can be found smooth gradients, tone scales, fields for the grey 
balance, the positive and negative text and line elements, the testchart for the 
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profile measuring and a lot of pictures or the visual control. The testframe is 
shown on the Figure 1 below.   

Figure 1: Testframe used for the digital printed sample 

3 RESULTS 

For the purposes of this publication we focus only on the printable color gamut 
based on these specific printed samples. 

3. 1 Measuring and evaluation 

The best way for the characterization of the printable color gamut was to 
measure and generate ICC profiles from each sample. The ICC profile is a set of 
data that characterizes a color input or output device, or a color space, 
according to standards promulgated by the International Color 
Consortium (ICC). Profiles describe the color attributes of a particular device or 
viewing requirement by defining a mapping between the device source or 
target color space and a profile connection space (PCS). (International Color 
Consortium, 2021). For our measuring we used the X-Rite i1iO Automated 
Scanning Table, what´s a hands-free test chart reading device for automated 
color profiling on a variety of substrates with reduced risk of color 
measurement errors. The related program to handle the measurements is the 

https://en.wikipedia.org/wiki/Color_space
https://en.wikipedia.org/wiki/International_Color_Consortium
https://en.wikipedia.org/wiki/International_Color_Consortium
https://en.wikipedia.org/wiki/Color_space


298 

i1 Profiler. The samples were measured and the ICC profiles generated. On the 
next figures we show the 3D visualizations of the ICC profiles of PLA and PP. 

  
Figure 2: ICC profile visualizations for polypropylene under different angles 

   
Figure 3: ICC profile visualizations for polylactic acid under different angles 

As it can be seen, the profile of polypropylene is smooth and regular, no 
discrepancies can be seen in the profile measured from the testchart, 
containing 1472 patches. In the case of the PLA we can see, that some either 
there are some print issues or for the PLA we should calculate with other 
printability specifications indeed. After getting the first results, two additional 
control measurings were made and the result was exactly the same. As it can 
be seen on the figures, the ICC profile of the PLA is a little bit narrower and 
with several color issues are appearing. 

3. 2 Comparison of the ICC-profiles 

The International Standards Organization has defined in ISO 12647 a set of 
Graphic Arts standards for printing, but the digital printing for flexible 
packaging isn´t included yet. As mentioned before, our wider research 
stretches out to flexo printing too, where it is not possible to define and 
standardize a specific color space, in flexo, the ISO standards only give the 
recommended hue angle for those colors, and it’s up to the printer to establish 
the best L*a*b* targets for a given substrate. (Harig, 2015). Offset print has his 
given standards, but different parts of the world interpret these standards in 
their own way. In North America IDEAlliance’s GRACoL and in Europe FOGRA39 
are the specifications for offset printing that conform to ISO 12647-2 for a 
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number one grade, coated paper. (Harig, 2015) For the purposes of this 
research we needed a universal profile, to show the differences between the 
substrates. We have chosen the European FOGRA39 – however it could be 
almost any of general profiles. We made two types of comparisons, we 
compare PLA and PP to FOGRA39 and PLA and PP to PET ICC profile. The results 
are as shown below on the figures. 

  
Figure 4: ICC profile color space comparison for polypropylene under different angles 

On the figures we show the extensions of the printable color spaces. The 
colored space shows FOGRA and the grey grid stands for the PP ICC profile. We 
can see, that the light green, yellow, red and blue tones are slightly wider 
printable on PP as they are defined in FOGRA. The printable color space is 
narrower in the darker tones, where the L* values are lower, that´s visible on 
the figure in the right. 

  
Figure 5: ICC profile color space comparison for polylactic acid under different angles 
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The polylactic acid feels as harder and more fragible than PP. Nonetheless the 
printable color spectrum is wider than in the cas of the polypropylene. On the 
figures above is visible, that almost through the whole spectrum of the 
FOGRA39 the PLA ICC profile exceeds the values. A narrower spectrum is visible 
only in darker reddish and greenish parts. 

The second task of our comparative research we set out was to compare the 
two biodegradable foils to polyester PET. The results are as shown below. 

  
Figure 6: ICC profile color space comparison between polyester PET and polypropylene 

under different angles 

According to our previous experiences from flexoprinting, PET and PP should 
have quite similar printability properties. This has been confirmed during this 
examination too, because the printable colur spaces are almost the same. This 
indicates also the fact, that the additives, they make polypropylene under 
defined circumstances biodegradable, does not affect the printability 
properties. The comparison is shown on the figure 6. The next figures visualize 
the color spaces of PET vs. PLA. 
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Figure 7: ICC profile color space comparison between polyester PET and polylactic acid 

under different angles 

Similarly as in the case of FOGRA39 vs. PLA the results are better for the 
polylactic acid. The printable color spectrum of PLA exceeds almost in every 
point the polyester PET, there are just a few locations, where PLA does not 
reach the PET values.  

In our research we got confirmation of the competititveness of the 
biodegradable foils with the presently widely used flexible foils. We do not 
have to give up the expectations of vibrant colors and impressive design 
because we want to produce an eco-friendly flexible packaging. The 
biodegradable foils printed with compostable inks can show the way, how to 
make flexible packaging friendly to the planet Earth.  

4 CONCLUSION 

During our theoretical research we haven´t found studies dealing with the 
printable color gamut on biodegradable materials by digital printing. However, 
the examined foils have good reviews on printability, we wanted to know more 
exactly if and how the biodegradability effects on the width of the printable 
color spectrum. On the testframe there were printed many different elements, 
but its examination will be the scope of further investigations for a broader 
research in the field of circular packaging and printing techniques.  
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Abstract: The application of smart packaging in the fast-developing area of the 
products with added value has become an attractive field for science and 
industry. Considering the ecological and market requirements, new smart 
packaging products should possess both functionality and ecological features. 
In this research, thermochromic liquid crystal-based printing ink (TLC) was 
applied on the recycled black uncoated papers using screen printing, as well as 
on the pre-printed 100% recycled papers. The aim of the research was to 
analyze the thermochromic effect of the TLC printing ink on the recycled 
substrates and to analyze the adhesion parameters between all surfaces in the 
system. In addition, black flexographic printing ink was printed on non-black 
papers to enable the optimal thermochromic effect after TLC printing ink was 
screen printed. The adhesion parameters between papers, black flexographic 
printing ink, and TLC printing ink were calculated and analyzed. To evaluate the 
thermochromic effect of TLC printing ink, temperature dependent spectral 
reflectance was measured on all samples and colorimetric values were 
calculated. The results of the research provided the recommendation on 
applicability of certain non-black recycled papers as substrates for the 
thermochromic print after pre-printing with black flexographic printing ink. 

Keywords: thermochromic liquid crystal-based printing ink, smart packaging, 

adhesion parameters, recycled paper 

1 INTRODUCTION 

Thermochromic liquid crystal-based (TLC) printing inks change color as a 
response to surrounding temperature. The color change of TLC printing inks 
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occurs inside the microcapsules containing thermo-responsive material 
(Seeboth et al., 2007). The change starts at the defined activation temperature 
(TA), occurring in several degrees wide region above the TA where the color 
changes throughout the whole visible spectrum from red, orange, yellow, 
green, blue to violet, the effect known as "color play" (Bamfield, 2010). Inside 
the color activation region, also named "the color play interval", the color 
change is caused by reorientation of the molecules in the liquid crystal 
structure with change in temperature, and the effect this has on the incident 
light (Christie and Bryant, 2005; “Liquid Crystal Formulations (LCs),” n.d.). TLC 
inks are best known as temperature indicators, especially for packaging, 
security printing and brand protection (Sage, 2011; Seeboth et al., 2008). The 
presented research includes TLC water-based ink printed on three types of 
recycled papers, and one pressure sensitive (self-adhesive) alternative fiber 
material. The combination of these materials could be used in development of 
sustainable applications, in the areas of functional packaging, security printing, 
etc. Such applications could influence the environment to a lesser extent than 
conventional materials.  

2 MATERIALS AND METHODS 

In this research, TLC printing ink was applied on recycled black uncoated paper 
(UT) and black alternative fibre paper (CB), and on two types of non-black 100% 
recycled papers (LG and LTR) which were pre-printed with black flexographic 
UV-curable printing ink (BL (LG) and BL (LTR)). TLC ink used in this research had 
water-based formulation (Printcolor, Switzerland). The flexographic printing 
process was performed in laboratory by means of IGT Printability Tester F1 (IGT 
Testing Systems, Netherlands). For the purpose of TLC ink printing, a screen 
printing plate with a mesh density of 43 lines cm-1 was prepared. Roughness 
parameter, Ra (arithmetic mean deviation of the profile) of papers was 
measured using MarSurf PS 10 (Mahr GmbH, Germany) with stylus method. 
Surface free energy (SFE) and contact angles on samples were analyzed using 
the Data Physics OCA 30 goniometer (DataPhysics Instruments GmbH, 
Germany) and OWRK method (Owens and Wendt, 1969). From the obtained 

SFE, adhesion parameters (surface free energy of the interphase (12), work of 
adhesion (W12) and wetting coefficient (S12) were calculated (Petković et al., 
2019). Temperature-dependent optical properties of TLC prints were 

measured in a temperature range from 20C to 47C, using fiber-based USB 
2000+ portable spectrometer (Ocean Optics, USA) SpectraSuite software by 
Ocean Optics was used to calculate the CIELAB L*, a*, b* values, using D50/2° 
settings. The printed samples were temperature controlled using the surface 
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of a water block (EK Water Blocks; EKWB d.o.o., Slovenia) (Jakovljević et al., 
2017; Kulčar et al., 2010).  

3 RESULTS AND DISCUSSION 

Table 1. presents the results of measured roughness parameter Ra. It is visible 
that CB paper has the roughest surface, and that the lowest roughness was 
measured on UT paper. One can see that pre-printed black ink causes small 
changes in surface roughness.  

Table 1: Ra roughness parameter measured on paper substrates. 

Samples Ra (µm) SD 

UT 2.392 0.168 

CB 6.940 0.693 

LG 2.711 0.096 

BL (LG) 2.870 0.279 

LTR 2.433 0.131 

BL (LTR) 2.333 0.117 

 
Results of the surface free energy (SFE) calculations are presented in Figure 1. 
It is visible that all four unprinted papers have a dominant dispersive 
component of SFE, with CB paper having the most expressed polar component 
of SFE among them. When TLC printing ink was printed on the black papers 
dyed in mass (Figure 1a), the polarity of the new surface (and therefore the 
polar and total SFE) increased.  

 
                                    a)          b) 

Figure 1: Surface free energy components of papers and printed ink layers for a) UT 

and CB papers, b) pre-printed recycled papers (BL (LG) and BL (LTR)). 

Higher polarity of TLC ink when printed directly on black papers dyed in mass 
indicates that there are different interactions between the black paper surface 
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and TLC printing ink, than between UV-curable flexographic ink and TLC ink 
(Figure 1b). Therefore, adhesion parameters are of importance for the 
assessment of the interactions between the papers and printed layers utilized 
in this research. Results of the calculated adhesion parameters are presented 
in Table 2. When assessing the strength of the interaction, all three parameters 
should be considered – work of adhesion (W12) should be as high as possible, 
interfacial tension (𝛾12) should be close to zero, and wetting coefficient (S12) 
should be positive or equal to zero.  

Table 2: Adhesion parameters between papers and printed ink layers 

 Adhesion parameters (mN/m) 

Surfaces in interaction 𝛾12 W12 S12 

UT-TLC 12.88 77.72 2.30 

CB-TLC 13.10 93.96 -1.76 

LG-BL 1.26 83.98 9.06 

BL (LG) - TLC 3.63 92.43 -3.13 

LTR - BL 4.20 95.08 -5.54 

BL (LTR) - TLC 6.79 89.48 -8.46 

When observing all three adhesion parameters as a set of values for the 
interactions including the TLC ink layer, it can be concluded that the adhesion 
of TLC ink on UT paper was satisfactory in terms of the low S12 value, but W12 – 
work that is necessary to separate two layers – is lower than for the rest of the 
samples where TLC ink is in the interaction with the layer underneath. 
Furthermore, 𝛾12, which should be minimal, has the highest values when TLC 
ink is printed directly on the black papers dyed in mass (UT and CB). On the 
other hand, W12 and 𝛾12 are more favorable between the layers of TLC ink and 
pre-printed UV-curable black ink, but S12 has a negative value.  

a)                  b) 
Figure 2: CIELAB colour values of the TLC ink printed on UT, LTR, LG and CB printing 

substrates, presented in (a*, b*) (a) and L*/T diagram (b) 
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It can be concluded that the best adhesion was achieved between pre-printed 
LG paper and TLC ink, alongside CB paper and TLC ink. Pre-printed LTR paper 
should not be recommended as the substrate for the thermochromic print, 
since S12 had a negative value (-8.46), which pointed to the incomplete wetting. 

The data obtained from spectral reflection measurements was used in CIELAB 
colour space, for (a*, b*) plot (Figure 2a). The colour play effect results in full 
loop for all four samples. Differences of the measured samples shown in (a*, 
b*) plot are the result of different properties of the printing substrates, 
indicated with different size and intensity of the colour loop. The colour play 
effect is the strongest for the CB sample, which could occur because of the high 
degree of selective reflection from the structure of the TLC, probably caused 
by completely black produced paper (dyed in mass). The weakest colour play 
effect is occurred on LTR and LG samples with printed under-layer. UT sample 
showed a stronger color play effect than LTR and LG, specifically in red and 
yellow part of the spectrum, and to a lesser extent, in blue part. The results of 
the strongest colour play effect measured on CB paper could be the 
consequence of the surface roughness, which is mostly expressed on CB paper. 
One can conclude that topography and structure of the substrate have a 
significant effect on the colour play effect. Results shown in (a*, b*) plot are 
confirmed in L*(T) diagram (Figure 2b), where L*(lightness) was examined in 
temperature dependence. For each sample, the curve extended from 20 to 
47 °C, where the reflection peak appeared in visible part of the spectrum. A 
single maximum occurred in each L*(T) curve, where the colour had the highest 
lightness L*. L*(T) reached the peak at the temperature of 27 °C for UT sample, 
at 27.5 °C for CB sample, at 25 °C for LG sample, and for LTR the peak was both 
at 24.5 and 25 °C. These differences in T(L*max) (°C) are most probably caused 
by the thickness of printing substrates. CB sample shows the highest intensity, 
followed by UT, LG and LTR samples. 

4 CONCLUSION 

In this research, four types of papers were used as substrates for TLC print: two 
eco-friendly black papers dyed in mass, and two 100% recycled white papers 
pre-printed with black flexographic UV-curable printing ink. Surface roughness 
of substrates, surface free energy of all surface layers and adhesion parameters 
were measured, calculated and analyzed. Spectral reflection measurements 
were used to display (a*, b*) and L*(T) diagrams and analyze the colour play 
effect. The results have shown that highest roughness of the substrate 
improved the color play effect, which was more expressed on the papers dyed 
in mass because of the high degree of selective reflection. Most favorable 
adhesion parameters between the TLC printing ink and the substrate were 
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achieved on pre-printed LG paper, and on black CB paper dyed in mass. Pre-
printed LTR paper could not be recommended as a substrate for TLC printing 
ink because of the ink’s incomplete wetting of the surface. All mentioned 
parameters should be taken into account for development of sustainable 
applications, functional packaging or security printing using TLC printing inks. 
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Abstract: Flexographic printing is one of the branches of domestic printing 

industry developing at the fastest pace. However, fast development also means 

a large burden for the printing houses applying this technology, as they need to 

print on different print surfaces with inks of different composition in order to 

produce good quality prints. (Borbély, Szentgyörgyvölgyi, 2011) In the following 

article the problems that emerge during the process of flexible packaging 

material production will be examined, with the application of environmentally 

friendly raw materials in case of printing white colour in flexographic printing, 

that do indeed degrade. Displaying white colour is a complex and difficult task 

itself, if it is not examined in active colour display (on screen), but from the 

aspect of passive (reflectional) printed colours. In order to reach the most 

optimal result during flexo printing, the coordinated operation of several 

elements of the process are necessary. In the article the theoretical research 

and practical work that has been carried out so far will be discussed, together 

with their results, and– direct and indirect – effect on the environment, 

moreover the future plans of research will also be outlined. 

Keywords: flexo printing, standardization, flexo plates, white ink 

1 INTRODUCTION TO THE TOPIC 

Flexographic printing is a relief printing process with flexible printing plates. 
Low viscosity ink is transferred onto the plates by a raster cylinder with a doctor 
blade. On the photopolymer plate the printing and non-printing elements are 
created by negative copying, as a result of UV radiation. The technology 
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enables absorbent and non-absorbent materials to be used as print surfaces. 
(Flexography, 1999) 

1. 1 The inspiration of raw material choice  

Doubtlessly, the raw materials of products printed with flexographic methods 
– and subsequently research in flexographic areas – are mainly and in large 
volumes still non-degradable foils. 

Nowadays it is becoming more and more urgent to find a reassuring solution 
to reduce the environmental impact of the packaging industry. Since the 
beginning of the mass production of plastic items in the 1960s, the majority of 
plastic waste has never been recycled. Moreover, the negative changes caused 
by the environmentally harmful effects of packaging material production also 
contribute to the drastic deterioration in the condition of Earth. 

Changes in the attitude towards the environment have brought the spread of 
environmentally friendly packaging solutions. Based on a corporate research, 
nearly 40 % of specialists consider environmental solutions as the most 
important challenge of the sector, which must be met (DuPont, 2011). 
According to the research, in order to meet the green challenge, managers use 
different strategies, the most frequent of which is the statement of being 
„recyclable” on the packaging (65%), reducing the amount of packaging (57%), 
using recycled, bio (41%), or compostable materials (25%) (Dörnyei, 2019). 

As opposed to generally widespread packaging films, professionally produced 
cellophanes without coating, or printed with suitable parameters are some of 
the most environmentally friendly solutions, as they are biodegradable and 
compostable. 

Regenerated cellulose or viscose film („cellophane”) enjoyed popularity a 
couple of decades ago, due to its good technological and functional properties. 
It was mainly used for food packaging. There are different methods used to 
improve its qualities. The significance of viscose films has decreased to a great 
extent lately. In Hungary, only a couple of – mainly licensed – products are 
packaged into it. Its application has also decreased in developed countries. It 
has been substituted by biaxially oriented polypropylene. (Kerekes, 1996) 

In order to reverse this process, and to bring to the fore the use of degradable 
materials, there are efforts perceptible in different parts of the world to 
different extents. As a main pillar of my research, I consider the creation of the 
technological background of printing compostable packaging in the most 
efficient, and thus the most economical way, with the most optimal materials 
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and tools. As the first step, I will deal with the problems of printing white, one 
of the most significant and most basic colours.  

1. 2 The inspiration of research topic choice 

Real white colour is one of the most difficult tasks in the printing industry, and 
within that in flexo printing. As the product – when placed on the market – will 
be displayed in surroundings with different parameters regarding light, it is an 
essential criterion that the reflectional spectrum reflecting from the surface 
should result in the same white shade in case of normal, illumination as well as 
of different spectra. The task is relatively simple on screen, as only the 
spectrum of the emitted light needs to be reproduced by using the appropriate 
ratio of the basic colours (RGB in most of the cases). In case of reflection, 
however, illumination may have different kinds of spectra. It is a difficult task 
for the spectrum of the reflected light to always produce white colour effect. 
In order to reach the desired colour – while retaining other quality properties 
of the product – the coordinated application of raw material, ink and printing 
plate is necessary. 

Raw materials of offset printing often also contain whitening components, 
which means that the reflection of UV illumination which is out of visible range, 
is converted into the visible range, thus reaching extra whiteness. This may 
cause some problems in the colour management of printing, nevertheless the 
use of such components is not typical in flexo materials. 

Our experience shows that within flexo printing materials, thicker white 
polyethylene films are the best from the aspect of their whiteness. 
Unfortunately their transparency is quite high, therefore the whiteness of the 
film can only be measured by laying more (4-6) layers on top of each other. 
This nearly matches the white values of good quality proof paper, however 
there is no optical whitening component included, and laminated with further 
barrier films – as opposed to cellophane – they cannot be considered 
environmentally friendly materials. Reaching good whiteness is on the other 
hand a basic criterion – with any raw material – to produce good prints with 
great colour dynamics. 

Products printed with flexographic technology may consist of more layers of 
various materials due to different packaging demands. White print may be 
necessary during printing both in reverse and in direct print. In these cases the 
opacity of the white ink layer is the most frequent priority. The easiest way to 
handle this is increasing ink application. On the other hand, it is also necessary 
for the ink to dry. If the white ink is also used to print letters and logos, the 
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amount of applicable ink is also restricted in order to reach finer resolution. If 
the aim is to create raster shades, even more finely controlled ink 
administration is needed, which can be carried out only with a thinner ink layer. 
From the perspective of prepress, it is possible to separate the two needs into 
two different white prints by preparing more layers of white. One of the layers 
may be rougher with higher amount of ink transfer, and the other with lower 
amount of ink applied with fine details or raster. In case of such demands the 
microstructured surface of the flexo printing plate proves to be very useful, as 
it is suitable to improve opacity even in case of lower amount of white ink due 
to the more even ink application, thus enabling the fulfilment of the two 
opposing demands using a single layer  

Based on the arguments above, it can be seen that beside choosing the most 
suitable raw materials, it is also an important criteria to use the most optimal 
ink and plate for the task together in order to reach the targeted result. The 
efficiency of ink application is influenced by a number of factors: ink uptake of 
the plates, printing speed, print pressure, temperature, and the properties of 
the printed material (Johnson, 2003). It is the white colour, during the printing 
of which emerging difficulties can be exponentially present. At the same time 
this field of problems has few results, which also work well in practice. That is 
why it was chosen as one of the pillars of the present study. 

2 EXAMINED PRINTING DIFFICULTIES AND THEIR POSSIBLE SOLUTIONS 

(RESEARCH TOOLS, METHODS) 

Flexo printing is one of the fastest improving branches of the printing industry 
nowadays. Its expansion is due to the soaring quality improvement within the 
sector in the last couple of years, as well as the quick and efficient production 
of special products in the packaging industry. Using flexo printing with a 
suitably developed machine configuration it is possible to produce products in 
one go, on-line (eg. labels, boxes, scratch cards, etc.), which would require four 
to five separate printing and binding sessions in a sheetfed offset printing 
house. 

Taking into consideration the shorter and shorter lead times and decreasing 
quantities of orders, the explosive development in the sector is readily 
understandable.  

Besides the large-scale improvement, meeting increasing quality and 
environmental requirements has also become a basic market demand. Not 
accidentally, one of the most significant parts of improving print quality lies in 
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the application of white inks, as it is the printing of white colour that poses 
several obstacles. 

The first visual problem is coverage, which simply put means the opacity and 
saturation of white ink. This bears major significance at the printing of strong, 
contrasting colours, as a weak white with low opacity can make even a good 
quality print appear grey-veiled. A further problem is posed by the visibility of 
products of various colours through the design of the packaging material. 

Under the term printability, we mean drying and ink buildup around dots. Due 
to the quick drying of the ink, the area between small raster dots gets filled up 
with dry ink. 

The next problem is the printability of motif edges, under which we mean the 
TEV effect (= trailing edge void). It means the negative line (the void) at the 
trailing edges due to ink transfer. Another problem is the doughnut effect, 
which also results from the lack of ideal ink transfer. Instead of a round raster 
point, a doughnut shaped point will be visible in print.  

In order to try and eliminate the difficulties listed, we have to examine what 
kind of factors influence print quality. For the tests 3 kinds of ink types and 4 
kinds of printing plate types have been used, which has resulted in 12 different 
test prints. 

3 inks with different titanium pigments have been used for printing: 

• Test 1: 41.2% matt TiO2 made from normal slow drying solvents. 

• Test 2: 45.5% glossy TiO2 made from normal slow drying solvents. 

• Test 3: 3% matt and 42.3% glossy TiO2, 1.5 times slower drying. 
 
The tests have been carried out using the printing plate types below: 

• Flint ACE-D: Standard digital printing plate; FLAT TOP: created with 
nitrogen chamber UV-A exposure; surface pattern created during 
lasering; Shore A hardness: 78 Sh A. 

• Flint ACT-D: Standard digital printing plate; FLAT TOP: created with 
nitrogen chamber UV-A exposure; surface pattern created during 
lasering; Shore A hardness: 74 Sh A. 

• MacDermid LUX ITP-60: inherently FLAT TOP printing plate; surface 
pattern can be created during lasering; Shore A hardness: 78 Sh A.  

• DuPont EASY ESE: inherently FLAT TOP printing plate with engineered 
surface („built-in surface pattern”); Shore A hardness: 74-76 Sh A. 
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Figure 1: Test chart (printed on a W&H Novoflex press) with the surface patterns of 

the applied printing plates 

After selecting the suitable printing plates and ink types, the testing process 
was started. The test was printed on a Soma Midi press. The related test chart 
can be seen on Figure 1. The top left part of the test chart used for our 
examinations contained a woman’s face for testing complex image 
visualization. Below that, there was a transition started from 100% and fading 
out to 0%, to check the printability of the complete tonal range. The top right 
area had the 100% tones to measure solids. On the left, we applied MCWSI 
surface pattern, while MG25 pattern was used on the right. 

3 RESULTS 

In the next phase of the analysis, the results of test printing were at first 
evaluated by a visual inspection. Our findings are summarized in Table 1. 

Table 1: Comparing test prints by visual inspection 

Ink types 
Plate types 

ACE-D ESE ACT ITP 

Test 1 OK Buildup OK OK 

Test 2 Buildup Buildup OK Very good 

Test 3 Mild buildup Buildup OK Very good 

 
Regarding buildup, the best results were achieved with the ITP plate in case of 
every ink type. The ACT plate also produced acceptable, fine image quality. 

Subsequent to that, we carried out 2 kinds of measurements on the test prints. 
During these examinations, we used a spectrophotometer for measuring 
lightness, and a Peret Flex3 Pro device for measuring fill ratio and geometrical 
values. 
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The initial measurement determined the coverage levels of the opaque white 
relative to each other. This means that we measured the achievable whiteness 
in CIE L*a*b* values after laminating onto a black base foil. Here, we examined 
absolute values, that is how much we could approximate the ideal colorimetric 
white (L*=100 a*=0 b*=0). The level of coverage always depends on the 
backing material. We may also measure the ΔE (L*a*b*) colour difference 
between the covered/uncovered parts of the base material. However, it is 
important in every case to exactly identify the backing material in order to be 
able to provide the same for future measurements as well. Under these 
conditions, we need to focus mostly only on the L* value of the CIE L*a*b* 
measurements, and the absolute values of a* and b* need to remain less than 
2-3. 

Table 2: Coverage values 

 
 
 
 
 

When examining coverage values, we could see that the best coverage was 
provided by Test ink 3 in case of every plate type except ESE. For ESE, Test ink 
1 gave the best result. 

During the second measurement phase, we took microscopic images of 
different halftone values of the prints (10, 30, 50, 80%), with the help of which 
we can present the differences in ink transfer when using the chosen plate and 
ink types. In case of a printing plate with microcells, halftone dots become 
more uniform, with smaller hollows in the centre (Figure 2).  

 
Figure 2: Magnified image of a test print that was printed with microcelled printing 

plate 

Ink types 
Plate types 

ACE-D ESE ACT ITP 

Test 1 68.87 70.32 69.45 69.35 

Test 2 68.20 69.60 69.56 68.46 

Test 3 69.25 69.80 70.29 69.49 
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Table 3: Dot gain values 

Test 1 

Plate type 10% 30% 50% 80% 

ACE-D 9.6 25.9 39.5 77.7 

ACT 8.6 25.9 43.4 79.6 

ITP 8.8 27.3 46.6 88.5 

ESE 7.9 23.8 35.2 82.5 

Test 2 

Plate type 10% 30% 50% 80% 

ACE-D 9.4 25.9 39.9 77.5 

ACT 8.6 25.6 42.2 78.9 

ITP 9.1 29.6 51.1 88 

ESE 8.3 24.1 37.2 83 

Test 3 

Plate type 10% 30% 50% 80% 

ACE-D 10.1 27.5 44.6 79.4 

ACT 9 27.1 43.5 80.3 

ITP 9.5 30.1 50.3 89.6 

ESE 8.6 24.4 36.6 83.8 

 
With regard to dot gain values, we concluded 2 important findings: 

• In the range below 50%, we measured the best values with the ESE 
plate type with all of the 3 ink types. 

• In the range above 80%, the minimum dot gain was performed by the 
ACE-D printing plate with Test ink 2. 

4 SUMMARY, AIM AND UTILIZATION AREAS OF THE RESEARCH 

Based on the examinations, we concluded that the MCWSI surface pattern is 
more advantageous than the MG25 pattern. Higher coverage and better ink 
transfer are provided, and finer dot shapes can be printed by that. 

In case of general halftone printing, the usage of ITP and ACT printing plates 
are optimal. When it comes to printing highlights with minimum dot size being 
important, the ESE plate may be the appropriate choice. 

At 10%, the best result was achieved with ESE plate and Test ink 1. Figure 3 
shows 10% dots printed with an ITP60 plate, while Figure 4 shows 10% dots 
printed with an ESE plate. It is easily perceivable that the doughnut effect is 
much stronger when using ITP60 plate. 
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Figure 3: 10% dots printed with an 

ITP60 plate 
Figure 4: 10% dots printed with an ESE 

plate 

 
The examination results above and the research area chosen as one segment 
of the possibilities residing in flexo printing technology, may by themselves 
have significant economic impact in the fields of efficiency, savings, and last 
but not least, as a result of these, also on environmental protection. The results 
achieved by applying printing industry products with appropriate 
characteristics, along with cost savings and increased productivity due to fast 
print setups and low waste, all decrease the repro work deriving from 
inadequate quality, as well as the related material and energy usage and waste 
production. 

Despite the sudden crisis of last year – unlike many other sectors – the 
packaging industry and the flexo area within that have not lost any momentum, 
which opens the door to numerous new research and development projects in 
the future. Thus, our future research plans include the creation of new surface 
patterns, printability analysis of text elements, study of prints with certain 
screen types, and the examination of the possibilities of increasing ink 
coverage. 
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Abstract: Flexographic printing is a printing technique that, like all the other 

printing techniques, depends on a number of parameters defining the process 

and the final product quality. Flexographic print quality is also influenced by the 

nature of various materials and their parameters. Process and material 

parameters influencing the printed product quality are present in all of the 

production phases. This paper aims to conduct a literature review regarding the 

most important process parameters and properties of the materials present in 

the printing phase, as well as the level of their influence on the print quality 

parameters. The focus of the review is on the anilox rollers, printing pressure, 

printing speed, and ink viscosity. The anilox roller or anilox sleeve choice has a 

significant impact on print quality mainly through the achieved density and 

tonal value increase. The most important anilox roller parameters are screen 

ruling, capacity, cell shape, cell depth, cell wall thickness, cell depth to width 

ratio, angle of the cell walls. On the other hand, the combined influence of the 

pressure setting and printing speed is the critical point of the flexographic 

printing process if the aim is to obtain regular halftone dots, avoid the hallo 

effect and control the tonal value increase. All of the aforementioned 

parameters can yield different print quality results depending on the ink 

viscosity, making it another critical factor to be investigated. Apart from that, 

ink viscosity itself can be greatly influenced by the printing speed and 

temperatures, which are developing mainly on the anilox roller surface. The 

literature review in this paper should help enable further research regarding 
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the influence of other scarcely investigated materials in the flexographic 

printing process, such as printing sleeves, on the print quality, as well as the 

mechanisms of their interaction with other materials during the printing.  

Keywords: flexography, pressure, printing speed, anilox, viscosity 

1 INTRODUCTION 

Flexographic printing is a printing technique that, like all the other printing 
techniques, depends on a number of parameters defining the process and the 
final product quality. Flexographic print quality is also influenced by the nature 
of various materials and their parameters. Process and material parameters 
influencing the printed product quality are present in all of the production 
phases, especially the printing phase. The literature review on some of the 
parameters present in the printing process should help enable further research 
regarding the influence of other scarcely investigated materials in the 
flexographic printing process on print quality and other process parameters. 

2 INFLUENCE OF THE FLEXOGRAPHIC PRINTING PROCESS PARAMETERS 

AND MATERIAL PROPERTIES ON PRINT QUALITY 

2. 1 Printing speed and pressure 

Pressure adjustment is a critical point of the flexographic printing process if the 
aim is to achieve finely shaped halftone dots, prevent the occurrence of halo 
effects and control the tonal value increase. The printing substrate moves 
between the plate cylinder and the impression cylinder, and the distance 
between them, i.e., the printing NIP, must be optimal in order to achieve the 
optimal printing pressure (FTA, 2003). Ideally, the printing pressure in 
flexography is very low (Kiss Print). Kiss Print is the minimum pressure of the 
printing plate on the substrate required to print a clear image (about 0.1016 
mm of contact depth of the materials in the printing NIP) (Bould et al., 2004). 
Many innovations in flexography are directed towards achieving controlled 
pressures in the printing press (Johnson, 2003). 

Ink transfer to the substrate is one of the key parameters in the flexographic 
printing process (Johnson et al., 2004). As the printing form is flexible, the 
logical consequence of the increased pressure is the deformation of the 
geometry of the halftone dots, which acquire an elliptical shape instead of a 
circular one. Halftone elements on standard digital printing plates were 
rendered very sensitive to pressure changes in the study performed by 
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(Hamblyn, 2015) and caused a more significant tonal value increase. Numerical 
modeling of halftone elements without the ink shows that the flatter their top, 
the more uniform the pressure distribution on their surface, as well as deeper 
inside the photopolymer, thus reducing the share of deformation of the side 
walls. According to (Borbély & Szentgyörgyvölgyi, 2011), the densitometric 
values most affected by pressure variations are tonal values, halftone dot 
shape and tonal gradations. 

If the pressure is too low, details in the highlight areas may not be transferred 
properly to the substrate. Higher pressure values, in contrast, can lead to ink 
smearing around the edges of printed areas. The higher the pressure, the more 
susceptible the halftone elements are to deformation and squeezing the color 
out, which results in tonal value increase (Boonprasit, 2006). 

Studies of the influence of printing pressure on OPP material have proven that 
the pressure between the printing plate and the impression cylinder has the 
greatest impact on the reproduction of halftones with a significant increase in 
optical density (Bohan et al., 2003; Du, 2009). The increase in pressure in this 
zone significantly affects the mechanical deformations of the printing elements, 
where halftone elements with a round top show less consistent results and 
greater sensitivity to changes in the pressure than elements with a flat top. 

(Valdec, Zjakić & Milković, 2013) concluded that with increasing pressure, the 
tonal value increase in the case of printing plates with round top halftone 
elements is more pronounced than the tonal value increase for printing plates 
with flat top halftone elements (12% tonal value increase for 40% TV for round 
tops at 380 lines/cm screen ruling and 4% under the same conditions for flat 
tops). Also, in their research, they noted that the largest tonal value increase 
occurs in areas with coverage of less than 3% due to the collapse of halftone 
elements. They immersed themselves in the cells of the anilox roller, thus 
taking on the excess ink. In the case of round top elements, the spreading of 
the ink on the substrate significantly affected the size of the printed halftone 
dot, due to the fact that the pressure is stronger in the middle of the halftone 
element, leading to ink squeezing out and producing the so-called halo-effect. 

The results of research conducted by (Valdec, Miljković & Čerepinko, 2018) 
showed that with increasing pressure, the thickness of the ink layer on the 
substrate decreases. This was the main reason for the non-uniformity of the 
optical density on the surface of the halftone dot printed using round top dot 
printing plates. In the middle of the halftone dot, there was a decrease in the 
thickness of the ink, in contrast to the accumulation of the ink on the edges, 
causing tonal value increase. 
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(Bould, Claypole & Bohan, 2003) examined the effect of pressure on print 
quality at three different screen ruling. The mechanical tonal value increase 
was the greatest at the highest pressure and screen ruling. The pressure had a 
greater effect on the tonal value increase than the screen ruling. 

(Hannah, 1951) investigated the contact between hard and soft rollers in a 
printing NIP, concluding that the pressure profile is most affected by the 
thickness of the compressible elastomer layer and the contact area width. 

(Bould, Claypole & Bohan, 2004) state that the tonal value increase becomes 
more significant with increasing pressure and that this phenomenon is more 
pronounced in highlight areas after each increase in pressure, while in the case 
of shadow areas, it is not. This led the authors to the conclusion that in 
highlight areas, both main mechanisms of mechanical deformation of halftone 
elements occur, while in the case of shadows, only one of them is present. The 
authors also state that the pressure in flexographic printing has the greatest 
influence on the tonal value increase and that it occurs more due to the ink 
spreading than the deformation of the printing plate elements. An increase in 
printing speed leads to a less pronounced tonal value increase since the ink 
does not have enough time to spread in the printing NIP zone.  

(Olsson et al., 2006) observed during the study that halftone dots have a larger 
diameter in the printing direction than in the transverse direction. At low 
pressures, the dots become narrower in the transverse direction, which is most 
likely a consequence of the combined influence of the movement of the 
substrate through the printing NIP and the simultaneous pressing of the 
substrate with the printing plate, which leads to the deformation of halftone 
elements. (Lagerstedt & Kolseth, 1995) made a similar observation in their 
research. Namely, with the pressure increase, there was a significant stretching 
and even merging of the halftone dots in the printing direction.  

(Johnson et al., 2003) have experimentally shown that ink transfer increases 
with increasing pressure and decreases with increasing speed. In addition, they 
found that ink transfer differed between softer and harder printing plates, 
although it was concluded that the main deformations occur in the 
compressible layer of the sleeve. They explained this by the greater ability of 
the softer printing plate to adapt to the surface of the printing substrate, thus 
increasing the contact area. 

However, some researchers characterize the effect of pressure differently. 
(Bohan et al., 2003) state that the influence of pressure in the printing NIP is 
less significant than the influence of pressure in other contact zones in the 
printing press. Namely, increasing the pressure between the ink chamber and 
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the anilox roller improves the ink transfer. This is explained by the effect of the 
load on the doctor blades, which changes their contact angle on the anilox 
roller. Their research also noted a decrease in ink transfer with increasing 
pressure between the printing plate and the anilox roller. However, no more 
detailed explanation of this phenomenon was given. 

The pressure between the printing plate and the printing substrate affects the 
roughness of the porous substrates. Higher pressure forces compress the fiber 
network and align them, thus increasing the ink and substrate contact surface. 
The increase in pressure also leads to the lateral flowing of ink on the surface 
and, in the case of porous substrates to its penetration into the substrate 
through capillary sorption (Fetsko & Walker, 1955; Walker & Fetsko, 1955; De 
Grâce & Mangin, 1983; Johnson et al., 2003; Hamblyn, 2004; Beynon, 2007; 
Bould et al., 2011). 

(Schaeffer, Fisch & Zettlemoyer, 1963) concluded that the ink transfer 
improves with an increase in speed and pressure. Studying the ink transfer 
dependence on the properties of the substrate and printing conditions, (De 
Grâce & Mangin, 1983) found that increasing the pressure leads to a larger 
amount of ink being pushed into the substrate (newsprint). However, they also 
concluded that if the pressure is too large, individual pores close, thus leading 
to decreased ink transfer. 

(Schaeffer, Fisch & Zettlemoyer, 1963) also observed that at low printing 
speeds, higher pressure forces negatively affect pore diameters. Due to the 
longer time that the substrate spends in the printing NIP at low printing speeds, 
the pressure forces deform it easier, closing its pores and thus reducing the ink 
transfer due to the reduced ability of vehicle absorption. 

As the print speed increases, the time the substrate spends in the printing NIP 
(typically measured in milliseconds) decreases. As the ink is pushed into the 
substrate pores in the printing NIP, a decrease in this time leads to a decrease 
in ink transfer as well (Fetsko & Walker, 1955; Walker & Fetsko, 1955; De Grâce 
& Mangin, 1983; Zang, 1992; Damroth et al., 1996; Fouche & Blayo, 2001; 
Johnson et al., 2003; Hamblyn, 2004). Contrary to this observation, (Quinn et 
al., 1997) and (Olsson et al., 2007) observed an increase in ink transfer with 
increasing print speed. This is explained by the fact that by spending less time 
in the printing NIP, the substrate is less compressed, which leaves its pores 
open to accept a larger amount of ink. 

In many studies, an increase in optical density has been observed along with an 
increase in pressure in the range of lower values. In a study of the impact of 
pressure on print quality on foil, (Borbély & Szentgyörgyvölgyi, 2011) concluded 
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that optical density does not increase with pressure. However, in the range of 
higher values, the increase in optical density is initially less pronounced and then 
reaches a maximum value (Mirle, 1989; Johnson et al., 2003; Hamblyn, 2004; 
Holmvall & Uesaka, 2008). (Fetsko & Walker, 1955) investigated the effect of 
pressure on the printing process and concluded that the percentage of ink 
transferred from the printing plate increases with increasing pressure, and 
(Bould et al., 2004) concluded that at high pressures, the growth in ink transfer 
stops after one moment. (Olsson et al., 2006) state that the highest values of 
optical density are achieved at medium pressure values. 

A large number of authors in their research concluded that increasing the 
pressure in the printing NIP also improves ink transfer and that a large number 
of different mechanisms contribute to this (Bohan et al., 2003; Johnson et al., 
2003; Hamblyn, 2004; Beynon, 2007; Cherry, 2007; Holmvall & Uesaka, 2008). 
At higher pressures, the contact zone between the printing plate and the 
substrate increases. In addition, in porous, incompressible substrates, the 
amount of ink immobilized ink pushed into the substrate increases, thus 
achieving less dependence on the ratio of ink amount transferred to the 
substrate and the amount remaining on the printing plate after separation. 

Increasing the pressure contributes to achieving more uniform prints in several 
ways. Increasing the contact area reduces the proportion of unprinted parts of 
the substrate on the final print. Lateral ink flowing and the tendency of 
achieving a closed ink film are also growing. 

However, as the change in pressure affects the ink separation process, 
problems can occur in the form of various repetitive motifs, primarily with 
water-based inks. 

2. 2 Anilox rollers 

The choice of anilox rollers significantly affects the print quality through the 
achieved optical density and the tonal value increase. 

The amount of transferred ink depends on the properties of the anilox rollers 
or sleeves and the rheological properties of the ink. The most important 
parameters of anilox rollers that can affect the print quality are ruling 
(line/cm), which determines the number of cells on the surface of the roller or 
sleeve, capacity (cm3/m2), shape, depth, openness (width), cell wall thickness, 
the ratio of the depth and width of the cells, the angle of the inner walls of the 
cells, the surface properties of the anilox rollers (depending on the properties 
of the material used for coating). 
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The range of line ruling for anilox roller most commonly used in printing 
processes is from 80 to 500 lines/cm (Dunn, 2015; FFTA, 2014). If an anilox 
roller or a sleeve with low line ruling and higher capacity were chosen for fine 
detail printing, the tonal value increase would be too pronounced, rendering 
highlights almost impossible to reproduce. Too high of a line ruling would, in 
contrast, lead to reduced ink transfer and optical density. 

Capacity is a property used to determine the amount of ink that an anilox roller 
or sleeve transfers to a printing plate. It is important to note that the cells of 
the anilox rollers never empty to the bottom during ink transfer and that they 
retain between 40% and 60% of the ink they carry. The most commonly used 
anilox rollers have a capacity of 0.95 to 13.5 cm3/m2 (FFTA, 2014). An increase 
in the capacity of the anilox roller leads to an increase in optical density due to 
an increase in the amount of ink available for transferring. However, it also 
leads to a greater tonal value increase (Damroth et al., 1996; Lindholm et al., 
1996; Fouche & Blayo, 2001; Hamblyn, 2004; Beynon, 2007; Bould et al., 2011). 

The ink transfer between the anilox roller and the printing plate is also 
determined by the geometry of the cells themselves (Hamblyn, 2004; Cherry, 
2007; Bould et al., 2011), where smaller cells provide greater resistance to ink 
extraction. Today, the most commonly used cell geometry implies a hexagonal 
cross-sectional shape (like a honeycomb). The cell diameter is another 
parameter that affects the print quality, and it directly depends on the line 
ruling. It is important that it be smaller than the diameter of the smallest 
printing element on the printing plate; otherwise, the printing elements will be 
immersed in the cells. This would further lead to the ink being transferred to 
the surface and the sidewalls of printing elements, contributing to the tonal 
value increase as time passes (Laden, 1997). 

The surface properties of the material used for anilox roller coating also affect 
the amount and uniformity of ink transfer. The most commonly used ceramic-
coated anilox rollers should have a surface porosity of less than 1%, uniform 
coating application and high surface tension (Izdebska, 2016). 

2. 3 Ink viscosity 

The viscosity of the ink and the surface tension affect the ink transfer and its 
setting on the printing substrate (Davies & Claypole, 2006; Schaeffer, Fisch & 
Zettlemoyer, 1963). The lower the viscosity of the ink, the greater the chances 
that it will flow over the non-porous substrate or penetrate the pores of the 
porous substrate (Fetsko & Walker, 1955; Walker & Fetsko, 1955; Damroth et 
al., 1996). The decrease in ink viscosity occurs mainly due to the thinning of the 
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ink by shear as a consequence of high printing speeds (Zang, 1992), but it can 
also be the result of an increase in temperature. For example, the authors 
(Dejidas & Destree, 2005) in their research state that an increase in 
temperature of 5.5 °C can lead to a decrease in the viscosity of water-based ink 
by as much as 50%. 

(Olsson et al., 2007) noted in their study that lower viscosity inks penetrate 
better into porous printing substrates, thereby allowing larger amounts of ink 
to immobilize. As ink separation occurs in ink itself during its mobile phase 
(transfer phase), the relative ink transfer increases. In addition, the low 
viscosity of the ink contributes to better spreading and leveling of the ink layer, 
thus reducing smaller unevenness. 

(Walker & Fetsko, 1955) in their study also briefly discussed the effect of 
vehicle viscosity on ink transfer, stating that lower vehicle viscosity apparently 
improves ink transfer. However, this observation is not fully covered by the 
research. 

(Taylor & Zettlemoyer, 1958) complemented the research conducted by 
(Walker & Fetsko, 1955) by investigating how ink transfer is affected by 
changes in its physical and chemical properties. Their research was focused on 
the mechanism of separation in the wet ink film between the printing plate and 
the printing substrate at the exit of the printing NIP. Ink separation is 
accelerated by variations in viscosity within a thin layer of ink. These variations 
are caused by higher temperatures and/or more intense and faster shear, 
making the ink cohesion weaker in the area closer to the substrate, thus 
reducing the amount of transferred ink. 

The conclusions of the research conducted by (Beynon, 2007) are interesting 
because they differ from the conclusions of many other researchers. Namely, 
by conducting experiments, the author concluded that the decrease in optical 
density that accompanies the decrease in ink viscosity occurs due to a decrease 
in pigment concentration and a decrease in ink transfer. However, in the 
submitted data, it can be seen that there is an increase in ink transfer with a 
decrease in viscosity. In addition, the author found that there is a strong 
dependence of viscosity parameters and surface coverage. Beynon states that 
a decrease in viscosity leads to a reduction in ink flowing in highlights and 
midtones on porous substrates. The author justified this phenomenon by 
better hydraulic penetration of ink into the substrate (depth) than lateral 
expansion. The observed flow of ink in shadow areas was justified through the 
accumulation of the ink in some areas of the non-printing surfaces. 
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(Hsu, 1962) states that when the viscosity of the ink is higher, the influence of 

printing speed and pressure is smaller. He also concluded that higher ink 

viscosity means a lower level of ink penetration into the substrate, although 

the porosity of the printing substrate greatly influences this. As for the 

penetration of ink, he concluded that it grows with the increase of the amount 

of ink on the printing plate, but to a certain extent, i.e. up until the moment 

when the substrate becomes saturated with ink. 

3 CONCLUSION 

The anilox roller or anilox sleeve choice has a significant impact on print quality 
mainly through the achieved density and tonal value increase. The most 
important anilox roller parameters are screen ruling, capacity, cell shape, cell 
depth, cell wall thickness, cell depth to width ratio, angle of the cell walls. On 
the other hand, the combined influence of the pressure setting and printing 
speed is the critical point of the flexographic printing process if the aim is to 
obtain regular halftone dots, avoid the hallo effect and control the tonal value 
increase. All of the aforementioned parameters can yield different print quality 
results depending on the ink viscosity. Apart from that, ink viscosity can be 
greatly influenced by the printing speed and temperatures, which are 
developing mainly on the anilox roller surface. 
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