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Abstract: The paper presents the results of the research on the possibility of using waste after the
printing process as a filler for polymeric materials. Remains of the label backing were used, consisting
mainly of cellulose with glue and polymer label residue. The properly prepared filler (washed, dried,
pressed and cut) was added to the polypropylene in a volume ratio of 2:1; 1:1; 1:2; and 1:3 which
corresponded to approximately 10, 5, 2.5 and 2 wt % filler. The selected processing properties (mass
flow rate), mechanical properties (tensile strength, impact strength, dynamic mechanical analysis) and
thermal properties (thermogravimetric analysis, differential scanning calorimetry) were determined.
The use of even the largest amount of filler did not cause disqualifying changes in the determined
properties. The characteristics of the obtained materials allow them to be used in various applications
while reducing costs due to the high content of cheap filler.

Keywords: circular economy; polypropylene; post-printing waste

check for
updates

Citation: Moraczewski, K.;
Karasiewicz, T.; Suwata, A.;
Bolewski, B.; Szablinski, K.;

Zaborowska, M. Versatile

1. Introduction

Wastes are substances or objects resulting from human activity, as well as residues from

Polypropylene Composite their production, which are intended for disposal. The proper management of waste and
Containing Post-Printing Waste. by-products from industrial and natural production and activities (agriculture, horticulture
Polymers 2022, 14, 5335. https:// and others) is the key to sustainable development, reduction in pollution, increase in
doi.org/10.3390/ polym14245335 storage space, minimization of landfill, reduction in energy consumption and facilitation of

the circular economy [1].
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management is a series of processes related to the collection, transport and processing,
with regard to jurisdictional claims in  including the supervision of this type of activity, as well as the subsequent handling of
published maps and institutional afiil- ~ Waste disposal sites, as well as activities related to waste trading [4,5].
iations. One of the possibilities of reusing post-production waste is its use for the production
of other materials, including the production of composite materials with various matrices.
In recent years, composites with a polymer matrix and post-production waste fillers or
B reinforcements have attracted a lot of interest. Due to the characteristics of polymeric
Copyright: © 2022 by the authors.  materials, thermoplastics in particular, it is possible to easily add post-production wastes in
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distributed under the terms and In the production of polymer composites, the post-production waste used can be
divided into two types. The first consists of organic wastes from the agricultural or food
industry. The second consists of inorganic wastes from heavy industry such as the steel
industry or petrochemical industry [1].
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The most frequently used post-production waste materials in the production of poly-
mer composites are natural wastes. Natural wastes are cheap and easily renewable, and
their biodegradability is one of their most important features. Among the organic waste,
the most commonly used post-production wastes is wood obtained from the wood and
furniture industries. Post-production wastes in the form of flour or chips from the processes
of cutting, turning, milling, planing, etc. are used as fillers for the production of wood-
polymer composites (WPC), most often with polyolefin or poly(vinyl chloride) matrix, but
also biodegradable polymers such as polylactide [6-11].

Other organic post-production wastes used in the production of polymer composites
include: shells of nuts and seeds [12-15], bamboo [16-19], coconut shells [20-24], husk of
rice and cereals [25-30], fruit and vegetables pomace [31-34], as well as waste of animal
origin, such as egg shells or shells of crustaceans [35-38].

In most cases, these organic fillers can be easily integrated into thermoplastic or ther-
moset matrices to change their thermal, mechanical and tribological properties. However,
not always only favorable changes in properties are observed. It is very often necessary
to properly modify the waste in order to obtain materials with good performance param-
eters. Therefore, the deterioration of properties, especially mechanical properties, can
most often be observed after adding unmodified waste. However, this deterioration does
not have to be disqualifying for these composites, as very often, their properties are still
sufficient for many planned applications, and their great advantage is a much lower price
and environmental friendliness thanks to the use of cheap waste materials.

Printing houses, publishing houses and printing companies have to tackle the issue
of increasing amounts of post-production waste on a daily basis. In the printing industry,
the different types of waste vary significantly. The most important of the solid, liquid and
gaseous wastes produced in the printing industry before, during and after the printing
process are waste ink, ink sludge and solvents emerging after machine washing, wastewater
of water-based ink, plate and film developer and fixer solutions, cleaning solvents and
volatile organic compounds (VOCs) [39]. The printing industry generates large amounts of
scrap paper, catalogs, posters, cardboard boxes and plastic foil. The loose waste piles up and
is stored in warehouses, taking up space and making it difficult to move around [40]. Some
of the produced wastes even fall into the hazardous waste category due to their processing
characteristics during the production process. The effective and regular extermination
of these wastes is necessary to protect the environment. This can be provided only by
the application of waste management. Some wastes are recycled and reused at printing
industry, but in some cases, that recycling is impossible, and these wastes should be
eliminated without harming human health and the environment [41]. In particular, the
materials whose disposal is compulsory should be classified at the source and sent to
licensed disposal companies. One of the solutions may be the reuse of generated waste in
the production of other materials while being part of the circular economy.

The paper presents the results of research on the possibility of using unmodified
post-production waste from the food label printing process. In the product labeling process,
the liner is often overlooked by many brands as part of the waste stream. Despite the
various recycling programs available on the market, such as UPM Raflatac’s RafCycle®,
they can still be a major environmental problem. The process of cutting the underlay to the
production dimensions still produces from several dozen to several hundred kilograms of
cut waste, which does not qualify for the recycling program and requires proper disposal,
which is a problem for the company. Due to the lack of modification of the waste, it
was expected that the properties of the obtained composites would deteriorate in relation
to pure polymer. However, it is purposeful to check whether the properties of the new
composites will still be sufficient for the use of the obtained composites.
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2. Materials and Methods

The matrix of the tested materials was polypropylene (PP) Moplen EP548U (Lyondell-
Basell, Rotterdam, The Netherlands). The basic properties of the polymer according to the
data sheet are:

Melt Flow Rate (230 °C/2.16 kg): 70 g/10 min.
Density: 0.90 g/cm?.

Tensile Stress at Yield: 28 MPa.

Tensile Strain at Break: 30%.

Tensile Strain at Yield: 5%.

Charpy Impact Strength (Notched): 4 kJ/m?.
Tensile Modulus: 1450 MPa.

Melt temperature: 160 °C.

The filler of new materials is post- production waste after the printing process in the
form of cut off yellow transparent glassine backing cellulose paper with the trade name
HONEY GLASSINE 65 (UPM Raflatac, Tempere, Finland) with possible residues of hotmelt
rubber permanent adhesive and a polymer (polypropylene or polyethylene) label. Glassine
is a smooth and glossy paper that is air, water, and grease resistant. It is usually available
in densities between 50 and 90 g/m?. It is translucent unless dyes are added to color it or
make it opaque. Product is designed for general purpose high-quality multicolor-printed
labels to packaged food and homecare applications in ambient conditions. It is intended for
all reelstock applications, and it is suitable for automatic dispensing. The basic properties
of the backing paper according to the data sheet are:

Substance: 55 g/m?.

Caliper: 49 um.

Tensile strength MD: 6.0 kN/m.
Tensile strength CD: 2.3 kN/m.
Transparency: 49%.

The input material from the production of the filler was in the form of long strands,
approx. 4 mm wide. Initially, the waste was soaked in water, and then, it was formed with
a hydraulic press into discs with a diameter of about 10 cm. Then, the discs were dried in a
laboratory dryer and comminuted using a laboratory grinder. Ultimately, the filler was in the
form of short fragments with a width and thickness similar to the original strips (Figure 1).

shredding

Figure 1. Initial and final form of the filler.
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The prepared filler was added to the polymer matrix in a 1:3; 1:2; 1:1 and 2:1 volume
ratio, which corresponded to mass concentrations at the level of 1.9; 2.5; 5.1 and 10.3 wt %.
The test samples are marked with the symbols P_x, where x is the volume ratio of the
filler. All test results were compared to the results of a pure polypropylene sample, which
was abbreviated as PP. Sample designations with corresponding volume ratio of filler and
calculated mass concentration are presented in Table 1.

Table 1. Samples designations.

Sample Filler: Matrix Volume Ratio = Mass Concentration of Filler [wt.%]
PP - -
P13 1:3 1.9
P12 1:2 2.5
P11 11 51
P21 2:1 10.3

The granules of individual composites were obtained from the prepared composite
masterbatches by extrusion. Extrusion was carried out on a W25-30D single screw extruder
(Metalchem, Torun, Poland). In order to obtain a very thorough mixing of both components,
intensive mixing screws were used for this purpose, which additionally included kneading
and retracting segments. The rotational speed of the screw was constant at 200 rpm. The
temperatures of individual zones of the extruder were: 175, 185, 195 and 195 °C, and the
temperature of the head was 120 °C. The material coming out of the head was cooled in a
bath with water and then cut with a knife granulator.

From the obtained granulate by injection method, test specimens were obtained in
the form of standardized bone-shaped samples (Figure 2) and bars. Injection molding
was carried out on a TRX 80 Eco (Tederic, Zhejiang, China) injection molding machine.
The injection molding process for all compositions was conducted under the following
conditions: 170 °C, 170 °C and 175 °C with head temperature—180 °C. Other parameters
follow: mold temperature—35 °C, injection pressure—35 bar, cooling time—30 s.

PP P13 P12 il P21

-

| A

Figure 2. Test specimens obtained by injection method.
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Melt flow rate (MFR) studies were performed using an MP600 plastometer (Tinius
Olsen, Horsham, PA, USA). The tests were carried out at a temperature of 190 °C with a
piston load of 2.16 kg. For each tested material, 12 measurement sections were obtained of
which 10 values were taken for the calculations (two extreme ones were rejected).

The mechanical properties of the tested materials were determined by the tensile
strength test and the un-notch impact test. For the mechanical tests, twelve samples of each
composition were used for each test. The result of mechanical tests are the values obtained
as the arithmetic mean of individual parameters together with the calculated values of the
standard deviation.

Static tensile tests on PP and filler-containing polymer samples were performed on an
Instron 3367 (Instron, Norwood, MA, USA) universal testing machine. The tensile speed
was 50 mm/min. As part of the test, the tensile strength (o)), stress at break (op), strain at
maximum stress (epf) and strain at break (eg) were determined.

Charpy impact tests were carried out with an XJ 5Z impact hammer (Liangong,
Shandong, China) using a 2 ] hammer with a fall velocity of 2.9 m/s. Samples in the
form of bars with dimensions of 80 mm x 10 mm x 4 mm were tested. As part of the study,
the value of the impact strength without notch (y,) was determined.

Thermomechanical (DMA) tests were carried out using a Q800 (TA Instruments,
New Castle, DE, USA) dynamic mechanical analyzer. The tests were carried out in the
temperature range from 30 to 150 °C with a heating rate of 3 °C/min. The samples were
bars with dimensions of 80 mm X 10 mm X 4 mm. The strain was 15 um, and the strain
frequency was 1 Hz.

The Q200 (TA Instruments, New Castle, DE, USA) calorimeter was used in the differen-
tial scanning calorimetry (DSC) studies. Samples weighing about 4 mg were heated in the
temperature range from 0 to 700 °C with the temperature change rate of 10 °C min~!. The
test was conducted in a nitrogen atmosphere. Based on the cooling and heating curves, the
glass transition temperature (Tg), the cold crystallization temperature (Tcc), the change of
the cold crystallization enthalpy (AHcc), the melting point (Tr,), the change of the melting
enthalpy (AHc) and the degree of crystallinity (X.) were determined. X. values were
calculated from equation:

. _ ( AHp — AHe

-100% 1
AHp100%- (1 — X)) g

where AHy 1000 —enthalpy change of 100% crystalline PP; 207 J /g [42]. x—share of post-
printing waste.

Thermogravimetric analysis (TGA) studies were performed under nitrogen atmo-
sphere using a Q500 thermobalance (TA Instruments, New Castle, DE, USA). The samples
weighing about 21 mg were tested in the temperature range from 25 to 700 °C with the
temperature change rate of 10 °C/min. Based on the thermogravimetric curves, the values
of Tsv,, Tsp9, and Toyse, were determined, corresponding to the loss temperature of 5%, 50%
and 95% of the initial mass of the sample. The value of Ts¢, was adopted as the parameter
defining the thermal resistance of the material. From the differential thermogravimetric
curve (DTG) (the first derivative of the TG curve), the T« values were also determined,
defining the temperatures of the fastest mass loss in the individual degradation stages.

3. Results

The determined melt flow rate (MFR) of pure PP was 11.2 g/10 min and was consistent
with the literature data (Figure 3). The addition of the filler into the polymer matrix did not
cause major changes in the MFR values. Although the applied post-print waste limited the
flow of the polymer, which is typical for this type of filler, the obtained decrease in MFR
was acceptable. At lower filler contents, i.e., samples P_1_3 and P_1_2, the MFR decreased
to the value of about 10 g/10 min. Even a further increase in the amount of filler did not
cause a large decrease in MFR, and the recorded values for the samplesP_1_1and P_2_1
were 9.0 g/10 min. Thus, the total decrease in MFR after adding the greatest amount of
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filler, i.e., twice the volume excess of filler, was 2.2 g/10 min, which is 20% of the value
of pure PP.
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Figure 3. Melt flow rate (MFR) of individual samples.

The determined tensile strength (o)) and tensile stress (ep) of pure PP samples were
slightly lower than the values given in the data sheet for the tested polymer but in line
with the literature data for PP. The addition of post-printing waste to the matrix resulted in
a slight decrease in the strength of the tested materials (Figure 4) as well as equating the
values of o) and ep, which is related to the change in the elasticity of PP after introducing
the filler particles (stress aggregation sites). As for MFR, one observes a clear two-stage
decrease in the tensile strength of the tested materials. A smaller drop in strength by approx.
2.5 MPa compared to pure PP was observed for P_1_3 and P_1_2 materials, i.e., materials
with a predominance of polymer in the composition. A greater decrease in strength by
about 4.5 MPa in relation to pure PP was observed for higher waste content, i.e., P_1_1 and
P_2_1 materials, where the initial volume fraction of waste was equal to or higher than
the polymer fraction. The overall decrease in the tensile strength of PP after adding the
post-printing waste was 4.5 MPa, which is approx. 19% of the value of pure polymer.

The introduction of the printing waste into the PP matrix was also accompanied by
a large decrease in elongation at break (eg), which was additionally equal to the values
of elongation at maximum stress (&) (Figure 5). Due to the characteristics of PP and the
occurrence of the phenomenon of necking during the tensile test, where the stretching and
ordering of macromolecules occurs, this polymer is characterized by high ep values, which
significantly exceed the e\ values. The applied printing waste reduces the values of ey
and ¢g to the level of approx. 5%, while the values for pure PP were, respectively, 8.1 and
35.9%. The obtained strain drop was the same regardless of the volumetric content of the
filler in the matrix. The lack of differences in the deformation between individual materials
is probably because, regardless of the amount of waste in the cross-section of the sample,
there will always be a filler particle, on which stress aggregation and sample rupture will
occur before the necking phenomenon occurs.
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Figure 4. Tensile strength (o)) and stress at break (op) of individual samples.
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Figure 5. Elongation at maximum stress (ef) and elongation at break (eg) of individual samples.

The PP sample subjected to impact tests does not break, which is often observed for
pure polypropylene due to its high flexibility and hence high impact resistance. Even the
lowest content of post-printing waste in the material caused the samples to break as a result
of the impact, and the value of the impact strength was recorded (u,) (Figure 6).

The obtained u, value for the P_1_3 sample was 28.3 k] /m?. With an increase in the
filler content, the impact strength decreased, reaching the lowest value of 21.9 k] /m? for the
P_2_1 sample, i.e., a material with a waste content twice as high as PP. The total decrease in
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U, between the lowest and the highest content of post-printing waste was 6.4 k] /m?, i.e.,
approx. 22%. The observed decrease was caused by an increase in the amount of filler in
the matrix and thus also in the cross-section of the sample (Figure 7), which translated into
lower polymer content and lowered the impact strength of the entire system. The large
scatter of the obtained results suggests, however, that the distribution of the filler particles

was heterogeneous.
P21

P12 P11
Sample

40

35

30

|
25
15
10
5
0 :
PP P13

Figure 6. The impact strength (u,) of individual samples.

u, [kJ/m?]
8

(@) (b)

(d)

500 ym

Figure 7. Microscopic photos of the cross-sections of (a) P_1_3, (b) P_1_2, (c) P_1_1, (d) P_2_1 sample.
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The post-printing waste did not change the thermomechanical characteristics of the
polymer. The PP modulus of elasticity at 30 °C (E’3g) determined during the three-point
bending DMA test was 1225 MPa and decreased with increasing temperature, reaching
132 MPa at 150 °C, i.e., just before the material melting process. The thermomechanical
curves with the recorded E’ values for materials containing post-printing waste were similar
to the values of pure PP, regardless of the amount of filler in the polymer matrix. Thus, the
obtained materials retained the PP elasticity even with the highest content of post-printing
waste. All results of E’ measurements at different temperatures are presented in Table 2.

Table 2. Results of dynamic mechanical analysis (DMA) tests of individual samples.

Sample E’30 (MPa) E'Gg (MPa) E’go (MPa) E’150 (MPa)
PP 1225 759 416 132
P_1.3 1207 782 432 142
P_1.2 1247 779 431 142
P_1_1 1326 791 443 143
P21 1194 744 426 148

Post-printing waste influenced the course of phase transformations in the tested
materials, i.e., changed their temperatures and intensity (Figure 8). With the lowest waste
content, the thermal characteristics of the P_1_3 sample are still close to the thermal
characteristics of pure PP. Only a slight decrease in the intensity of the melting process by
8 J/g is visible, which suggests a slightly lower content of the crystalline phase, which
results in a reduction in the calculated degree of crystallinity by 4.7 units. On the other hand,
the introduction of a larger amount of filler caused a clear decrease in the crystallization
temperature (T.) by a maximum of approx. 6 °C for the P_2_1 sample, i.e., by approx. 5%
compared to the value obtained for the PP sample.

3.5 q

| —PP
—P13

2.5 I

L5 4

0,5 ~

Heat flow [W/g]

_0.5 .

.15 4

'2,5 T T T T T T 1
-60 =20 20 60 100 140 180 220
Temperature [°C]

Figure 8. DSC curves of cooling (solid line) and heating (dashed line) of selected samples.

The nature of the crystallization process also changed. At lower waste contents, the
recorded peak of the crystallization process was much lower but wider than the peak
recorded at the highest filler content. The enthalpy change of the crystallization process
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(AH.) was also higher. With the increase in the content of waste, the AH. value decreased
by 14.3]/g, from 95.1 ] /g for the P_1_3 sample to 80.8 ] /g for the P_2_1 sample. Thus, the
waste content affects the structure and amount of the crystalline phase formed in PP. With
a lower waste content, the formed crystallites are probably larger, and there are more of
them. Changes in the crystallization process are influencing the structure and quantity of
the crystalline phase and obviously translate into the recorded melting process and the
calculated degree of crystallinity. As the filler content increases, the melting point (Ty,) of
the materials slightly decreases. The Tm decrease is approx. 2 °C when comparing the
PP sample and the P_2_1 sample. The decrease in the melting enthalpy (AHp), and thus
the degree of calculated crystallinity (X.), was much more pronounced. The AHp, value
decreased by 15.6 ] /g comparing the PP and P_2_1 sample. Thus, the degree of crystallinity
of the tested materials decreased from 47.7 to 36.2%. All results of DSC are presented
in Table 3.

Table 3. The results of the differential scanning calorimetry (DSC) for individual samples.

Cooling Heating
Sample
T. [°C] AH. (/g) Tm (°O AHm (J/g) Xe (%)

PP 124.5 97.4 163.7 98.8 47.7
P_1.3 124.8 95.1 163.1 90.8 43.0
P12 119.0 80.1 161.5 85.6 40.3
P 11 119.0 81.8 161.5 83.1 38.1
P21 118.4 80.8 161.4 83.2 36.2

After introducing the post-printing waste into the polymer matrix, changes in the
thermal resistance of the obtained materials were observed. Figure 9 shows the ther-
mogravimetric curves of selected samples, while Table 4 summarizes the results of the
determined thermal parameters.

120 - - 2,5
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—P 13
—P 21
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e
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Q_ Nt
-
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2 2
= 1B
=
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0 . i ; 0
200 250 300 350 400 450 500 550 600

Temperature [°C]
Figure 9. TG (solid line) and DTG (dashed line) curves of selected samples.

As shown in Figure 9, the introduction of post-printing waste into the polymer matrix
changes the nature of the degradation process from a one-stage (PP sample) to a two-
stage (samples with waste). After introducing the filler, an additional degradation step
appears in the range from 320 to 380 °C with the maximum decomposition rate (Tax1)
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at approx. 355 °C, which becomes more significant the higher the content of waste in the
polymer matrix.

Table 4. The results of the thermogravimetric analysis (TG) of individual samples.

Sample Tse, (°C) Tsp9, (°O) Tos0, (°C) Tmax1 (°C) Tmax2 (°C)
PP 3475 409.1 434.8 - 4239
P_1.3 344.8 440.5 465.4 353.6 450.1
P12 343.9 450.1 473.6 354.0 455.4
P11 340.0 440.7 467.9 356.5 450.8
P21 330.6 451.5 476.6 353.2 458.3

The occurrence of an additional degradation stage indirectly contributes to the reduc-
tion in the thermal resistance of materials containing waste, which is determined based
on the 5% loss temperature of the sample mass (T59,). The thermal resistance of materials
dropped from 347.5 °C for a PP sample to 344.8 °C for the P_1_3 sample and 330.6 °C for
the P_2_1 sample. Therefore, the decrease in thermal resistance depended on the amount
of filler in the polymer matrix. With the lowest post-printing waste content, the decrease in
thermal resistance was insignificant: less than 3 °C. Increasing the waste content causes
a significant reduction in thermal resistance, as the recorded value of Ts¢, decreased by
17 °C in relation to the value of pure polymer. The reduction in the recorded Tse, value
is caused by the overlapping of the maximum waste degradation rate at the beginning
of the matrix degradation, so the higher the content of the filler, the sooner the loss of 5%
of the sample weight was achieved and the contractual thermal resistance of the material
changed. Regardless of the thermal resistance of the tested materials, their degradation
temperature significantly exceeded the typical temperatures of the use of polymer materials,
and therefore, developed materials can be successfully used in most typical applications.

4. Conclusions
Based on the conducted research, the following can be concluded:

e  The total decrease in the melt flow rate after adding the greatest amount of filler, i.e., twice
the volume excess of filler, was 2.2 g /10 min, which is 20% of the value of pure polypropylene.

o  The greatest decrease in the tensile strength of polypropylene after adding the post-
printing waste was 4.5 MPa, i.e., approx. 19% of the value of pure polymer. This result
was obtained with the highest degree of filling of the composite.

e  The obtained deformation drop was the same regardless of the volumetric content
of the filler in the matrix. The applied post-printing waste reduces the elongation at
maximum stress and elongation at break values to the level of approx. 5%, while the
values for pure polypropylene were 8.1 and 35.9%, respectively.

e  The total decrease in unnotched impact strength between the lowest and the highest
content of post-printing waste was 6.4 k] /m?, i.e., approx. 22%.

e  The introduction of post-printing waste into the polypropylene matrix did not change
the thermomechanical characteristics of the polymer.

e  The degree of crystallinity of the tested materials decreased from 47.7% for pure
polypropylene to 36.2% for the material containing a double excess of printing waste.

e  The introduction of the post-printing waste into the matrix causes a reduction in
thermal resistance, as the registered value of the 5% weight loss temperature decreased
by 17 °C in relation to the value of pure polypropylene.

Thus, the introduction of post-printing waste causes the deterioration of the character-
istics of the obtained materials, but the decrease is fully acceptable in terms of the planned
applications of the new composites. It should be remembered that the main purpose of the
research described in the article was to eliminate post-production waste generated during
the production of labels, which was achieved by using them as a filler for the polymer.
Better properties of composites containing printing waste could probably be obtained after
prior modification of the waste, so this will be the subject of further research.
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