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Abstract: Due to the rising problem of deforestation, slow renewability, and higher cost of wood
sources, it is of great importance for the paper and packaging industry to find suitable, environmen-
tally friendly alternative sources of cellulose fibers. Much of the research has focused on studying
the use of non-wood sources from various annual or perennial plants from which cellulose fibers
can be obtained with equal quality to those from wood sources, since they are a fast-growing, re-
newable, and cheap source of fibers. This research focuses on the laboratory production and stability
valorization of a paper substrate for packaging containing virgin fibers from triticale straw mixed
with recycled wood pulp in various amounts up to 30%, printed with black ink through a simulation
of the offset printing technique under controlled conditions. For stability analysis, printed paper
substrates were subjected to three treatments essential for packaging: aging, rubbing, and chemical
treatment. The stability of the prints was evaluated after treatments though spectrophotometric
measurements (AE*», AR, AL* Aa*, Ab*) and Fourier transform infrared analysis. The aging, rub-
bing, and chemical stability of the prints with the addition of triticale virgin fibers was improved
for all product packaging except for products containing soybean oil.
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1. Introduction

The packaging industry is facing great changes due to the increasing demand for
sustainable packaging with a low environmental impact. Consumers’ awareness of envi-
ronmentally friendly products and packaging is increasing [1]; thus, the packaging needs
to reflect the products’ intentions through selecting appropriate materials with an empha-
sis on the ecological aspect of production and its biodegradability through explicit design
[2]. Paper is a material that has the potential to replace other types of packaging such as
plastic due to its biodegradability and recyclability, as well as consumer perception of its
sustainability [3]. The production of paper and board for packaging has been steadily in-
creasing over the past decade, even though overall paper and board production is on the
decline. The global pandemic has also brought drastic changes in consumers’ shopping
habits, which entailed increased production of paper and board packaging by 7.1% in
2021 compared to the previous year in CEPI member countries, but the reports for 2022
show a decline of 4.6%. The main reason for the decrease in production is caused by the
shortage of raw materials and high utility prices [4], but the overall demand remained
stable. Statistical reports show that in the European Union (27 countries), the average gen-
eration of paper and cardboard waste increased to 43,490,000 tons (97 kg per capita) in
2020 [5], of which packaging waste made up an average of 73.11 kg per capita, while 59.59
kg per capita ended up in the recycling process [6]. Due to the high demand for paper
packaging and the relative scarcity of virgin raw materials, it is necessary that all available
sources are utilized in paper production. It is known that recycled papers are relatively
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widely used, mainly for ecological and economic reasons. They are produced from sec-
ondary, already used, old paper fibers. The recycling process itself involves repulping the
recovered paper to reduce it to fiber pulp, separating the ink from the fiber, and removing
the ink particles from the stock, which is then converted into paper using a conventional
papermaking machine. This process damages and shortens the fibers, meaning they can-
not be recycled endlessly [7]. Therefore, the potential of recycled pulp can be maximized
by mixing it with a virgin pulp of appropriate properties [8]. Thus, it is important to con-
tinuously incorporate a certain amount of virgin fibers into the pulp of recycled fiber for
strength, quality, and availability reasons. Therefore, it is clear that the paper industry
cannot rely solely on waste paper as the only source of fiber, and this cannot be used
effectively for all paper grades. The scarcity of native pulpwood resources in some parts
of the world and the focus of wood raw materials on higher-value-added products such
as furniture have led the paper and packaging industry to focus more on alternative
sources of cellulose fibers [9].

As alogical alternative to wood raw materials for the production of fibers, pulp, and
paper, by-products from field production were imposed due to their numerous ad-
vantages. In almost all countries with favorable agro-climatic conditions, cereals are
grown for human consumption, with a large amount of straw produced in fields after
harvest. If we take into account that the straw to grain ratio is, on average, 1.5:1 [10], a
very large amount of straw as residues, accumulated after the harvest of annual plants, is
available annually. The basic requirement for an alternative plant to be used as a raw ma-
terial for the paper industry is a sufficient amount of cellulose, and the cellulose content
in this non-wood raw material is generally about 50%, which is approximately the same
as in wood [11]. However, due to the pronounced heterogeneity of cellulose due to the
growth conditions with a short cultivation period (annual plants), the use of this type of
raw material for the production of cellulose lags far behind wood raw material. On the
other hand, the low lignin content, which ensures energy and chemical savings during the
pulp production process, makes this raw material extremely potential from an ecological
point of view [12]. Since not all types of paper can be produced from any fibrous raw
material, it is very important to reconsider the possibilities of using straw in paper pro-
duction, but also the printability of such substrates.

In this study, we analyzed the possibility of using triticale pulp in packaging paper
as a printing substrate based on the stability of black offset print under the influence of
artificial aging, rubbing, and chemical treatment.

2. Materials and Methods
2.1. Raw Materials and Laboratory Production of Paper Substrates

According to standard EN ISO 5269-2:2004 [13], circular paper sheets with a similar
basis weight (42.5 g/m?) and diameter (200 mm) were formed by a Rapid-Kothen sheet
former (FRANK-PTI). To produce the pulp needed for paper production, after the food
grain harvest of a hybrid of rye and wheat (Triticale sp.) was complete, the straw left over
was collected in the fields of central Croatia and manually cut into pieces of up to 3 cm
long. This straw contained 92.3% dry matter, of which 5.27% was ash with an insignificant
share of silicon derivatives (7.74 mg/kg) and 52.88% was Kiischner-Hoffer cellulose [11].
Purified from grain and impurities through the soda pulping process, triticale straw was
converted into semi-chemical pulp [14]. Pulp made from recycled wood fibers, which is
often used to make newsprint, served as the basis to produce laboratory paper. With the
aim of improving its properties, primarily strength, the obtained unbleached triticale
straw pulp was added in a percentage of 10%, 20%, and 30% so that the paper could be
used for packaging. Four different types of laboratory-made papers were produced (Table
1), with 50 pieces for each type of paper.
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Table 1. Classification and properties of paper substrates used in this research.

Pulp (%) Roughness, Ra (um) Thickness (um) Brightness Yellowness In-
Mark Recycled  Triticale (ISO 4287:1997) (ISO 534:2011)  (ISO 2470-2)  dex, YI(ASTME
Wood Fibers  Fibers [15] [14,16] [17,18] 313) [17,19]

N 100 0 2.66 + 0.34 94.0 £2.79 58.12 + 0.02 46.80
INTR 90 10 3.57+£0.35 96.3 + 6.35 53.91 £ 0.02 51.28
2NTR 80 20 3.74 +0.39 98.3 £ 6.68 50.58 + 0.11 53.62
3NTR 70 30 3.81+0.49 99.4 +6.20 48.49 + 0.06 57.19

2.2. Printing

Ten paper samples of each type of laboratory-made paper were cut to dimensions of
4 x 20 cm prior printing. All cut laboratory-made paper substrates (Figure la-d) were
printed using the dry offset process, at a speed of 0.5 m/s and a pressure of 600 N, in full-
tone black ink on a Priifbau multipurpose printability testing machine with a quantity of
1.1 cm?® of low-migration ink Sun Pak FSP (manufacturer Sun Chemicals) on the distribu-
tion rollers with a viscosity of 87.47 + 2.74 Pa's at a temperature of 23 °C and relative hu-
midity of 50%, as shown in Figure le-h. The printing for the purpose of this research was
carried out in accordance with the ISO 12647-2:2013 standard, i.e., FOGRA PSO (ISO/TC
130 Graphic technology, 2013) [20]. All obtained prints reached the recommended stand-
ard values CIE L*a*b* with a tolerance level of AE*» = 2. Before print stability assessment,
all printed laboratory-made paper substrates were dried through oxidation polymeriza-
tion for 24 h in the same ambient conditions used for printing.

10 mm 10 mm

(b)

10 mm

() (d)
() (8) (h)

Figure 1. Microscopic images of laboratory-made papers substrates: (a) N; (b) INTR; (c) 2NTR; (d)
3NTR and black offset prints on (e) N; (f) INTR; (g) 2NTR; (h) 3NTR paper substrates.

——
10 mm

2.3. Print Stability Assessment

High-quality reproductions and the stability of prints depend on the requirements of
the manufacturer of packaged goods. To achieve them, it is necessary to be aware of the
characteristics of the paper substrate and the possibilities of a particular printing tech-
nique. In this context, three stability assessment treatments (aging, rubbing, and treatment
with chemical agents) were performed on papers with triticale pulp printed using the off-
set technique. The evaluation of aging, rubbing, and chemical resistance of offset prints
on papers with triticale straw pulp was based on the color difference (AE*»), which was
calculated according to Equation (1). Specific ink color components CIE L*, a* and b* were
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measured using the spectrophotometer X-Rite SpectroEye before and after each treatment
under illuminant D50, 2° standard observer.

AEg, =Ly — LD)? + (a3 — a})? + (b; — b))? ™

where AE*w is the total color difference, L*1, a*1, and b*1 represent color values before each
treatment, and L*, a®, and b*: represent the color values measured after each treatment.

The results of change in visual perception of color due to the aging, rubbing, or chem-
ical treatments are given as an average of ten measurements on each print sample. The
interpretation of AE*» from the point of view of print quality in the graphics industry is
listed in Table 2 [21].

Table 2. Interpretation of AE*» value.

AE*w Value Color Perception Tolerance
Differences in color are unrecognizable by a stand-
<1.0 .
ard observer. Acceptable for graphics
19 Only an experienced observer can perceive the dif- industry.
ferences.
)35 An inexperienced observer can perceive the differ-
' ences. Not acceptable for
3.5-5 Every observer can easily see the difference. graphics industry.
>5 An observer recognizes two different colors.

If the value of the color differences (AE*w) of prints after aging, rubbing, or chemical
treatment is less than 2, it is defined as a stable print with very small or small noticeable
differences in the tone that can be recognized by a standard observer. When the value of
the color difference increases (greater than 2), the change in color is more clearly visible
for a standard observer, and the sample can be defined as a print with low resistance to
aging, rubbing, or chemical agents.

2.3.1. Aging Treatment

Offset prints were cut into strips of 20 mm x 50 mm and placed side by side in a
Suntest XLS+ test chamber, which was equipped with a daylight filter that emitted visible
and near-ultraviolet electromagnetic radiation in a wavelength range from 290 nm to 800
nm. The artificial aging procedure was carried out according to ASTM D 6789-02 [22],
where the level of light intensity was 765 + 50 W/m?, the temperature in the test chamber
was up to 39.5 °C, and the relative humidity was 50%. Exposure to radiation was per-
formed in two cycles for 48 h and information about the aging course is given in Table 3.

Table 3. Course of aging in the Suntest XLS+ test chamber.

Aging Cycle Time of Aging  Dose of Energy Sup- Natural Aging Compara-

No. (h) plied (kJ/m?) ble Time (Days)
1 48 132,192 445
2 96 264,384 89.0

According to the aging conditions used in this research, every hour spent in the Sun-
test XLS+ test chamber corresponds to a dose of energy absorbed of 2754 kJ/m?, which is
compatible with approximately 22 h of natural aging [23]. This is in correlation with the
statement that one hour of treatment under a xenon lamp corresponds to one day in na-
ture [24,25].

In addition to the colorimetric values CIE L* a* and b* measured to calculate the total
color difference AE*» (Equation (1)), the difference in color lightness values after the 48 h
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and 96 h aging treatment (AL*s-0 and AL%s-0) and difference in color attributes a* and b*
(Aa*ss-o, Aa*e-0, Ab*ss-0 and Abss-0) were calculated according to Equations (2)—(4):

AL 4o = L'yg—L" AL 9o = L'96—L" (2)
Aa*yg-o = a"4g—a’ Ada‘gs—g = a"96—L ©)]
Ab*4g_o = b*4g—b"y Ab*96_o = b*96—b" (4)

Measurements of the amount of light reflected from the surface of the black ink layer
on all papers before and after artificial aging were made using the same spectrophotome-
ter, an X-Rite SpectroEye. The result is a dataset of reflectance values representing the
spectral distribution of the light reflected from the point of the measurement. This proce-
dure was then repeated for the entire spectrum and the resulting dataset can be visualized
as a spectral curve, ranging from 400 nm to 700 nm and sampled every 10 nm. A difference
in reflectance (AR) was observed after samples were artificially aged for 48 h (Rss) and 96
h (Res) compared to prints that were not aged (Ro). The reflectance difference was deter-
mined according to Equation (5):

AR4g-0 = Ryg—Ry ARgg_9 = Ros—Ry (5)

Fourier transform infrared spectroscopy (FTIR) absorbance spectra were recorded
within the 4000—400 cm™ range at a 4 cm™ resolution and averaged over 15 scans for the
laboratory-made printing substrates and offset prints before and after the artificial aging
test. The experiment was performed with the use of a Shimadzu FTIR IRAffinity-21 spec-
trometer.

2.3.2. Rub Treatment

After printing, all prints were completely dried before performing rub treatment. All
prints were cut into smaller round samples with a diameter of 5 cm and subjected to a
mechanical resistance test (i.e., rub treatment) on a Hanatek T4 Rub and Abrasion Tester
in accordance with the standard BS 3110 [26] under a constant pressure of 0.23 kg (0.5 Ib)
with 20, 40, and 60 circular motions at a constant speed of one rotation per second. The
lowest pressure available on the device was used as a simulation of handling this packag-
ing. This test is based on the effect of the repeated relative movement of two contact sur-
faces under applied pressure (rubbing) and observation damage to a relatively thin layer
of ink at the contact position and contamination of the unprinted parts of the opposite
paper. After testing, all prints were analyzed with a spectrophotometer for their L*, a*
and b* values and by calculating the color difference, AE¥w, while the opposite unprinted
paper and its black ink traces were used to visually confirm the gradual ink transfer that
corresponds to the number of rotations in the rub treatment.

2.3.3. Chemical Treatment

All printed laboratory papers were tested for their resistance to different inorganic
and organic chemical agents in accordance with the international standard ISO 2836:2004
in the field of printing industry [27], with the exact procedure prescribed for each type of
chemical agent. Of all listed chemical agents in the international standard ISO 2836:2004,
six were chosen for chemical treatment as they are more likely to come into contact with
the packaging paper during handling, transport, or storage. First, all printed samples were
cut to a dimension of 2 cm x 5 cm, and the chemical stability treatments were carried out
as follows. The sample was placed on the lower glass plate between two or four strips of
filter paper previously soaked in liquid chemical agent (where the number of filter paper
strips was defined by the type of liquid chemical agent used —for sodium hydroxide and
acetic and citric acid, the total number of filter paper strips was two, while for water and
soybean oil, it was four). Finally, the upper glass plate was placed on top and weighted
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with a 1 kg weight. The contact time for each chemical agent is defined and, together with
the data on liquid chemical agent concentration, summarized in Table 4.

Table 4. Course of aging in the Suntest XLS+ test chamber.

Chemical Agent Concentration % Receptor  Contact Treatment
by Volume Surface Conditions Time (min)
Water (H20) 100 1440
Soybean oil 100 1440
Citric acid (CeHsOz) 5 filter paper ! ki::; > 60
Acetic acid (CHsCOOH) 5 30
Sodium hydroxide (NaOH) 1 10
Ethanol (C:Hs0OH) 96 glass tube - 5

At the end of the contact time, each printed sample treated with sodium hydroxide
or acetic or citric acid was washed with distilled water and dried in an oven at 50 °C for
30 min. The samples treated with water or soybean oil were immediately dried in an oven
at 40 °C for 30 min. As can be seen from Table 4, for the ethanol stability assessment, the
procedure was completely different, as the prints were not placed between soaked filter
paper strips but were immersed in a glass tube containing ethanol for 5 min. Samples
treated with alcohol were also dried in an oven at 40 °C for 5 min.

After chemical contact with inorganic and organic chemical agents, all prints were
analyzed with a spectrophotometer for their L* a* and b* values and by calculating the
color difference AE*a.

3. Results

Colorimetric values of the offset prints that were used for print stability assessment
after aging, rubbing, and chemical treatment are presented in Table 5 as the average result
of 50 measurements. In the CIE L*a*b* color system, the differences in colors and their
position are given by the color coordinates L*, a* and b*. Here, the L* axis indicates light-
ness from black to white (L* = 0 for black, L* = 100 for white), the a* axis represent chro-
maticity from red to green (positive values are red, negative values are green) axis, and
the b* axis represent chromaticity from yellow to blue (positive values are yellow, negative
values are blue). The a* and b* axes have no specific numerical limits.

Table 5. Colorimetric values of the paper samples printed with black ink.

Mark L* a* b*

N 30.01 £ 0.61 1.31 £ 0.02 347 £0.12
INTR 28.72 +0.38 1.28 +0.03 3.15+0.10
2NTR 29.04 + 0.46 1.32+0.05 3.48+0.23
3NTR 34.63 +1.15 1.51+£0.03 5.49 +0.46

In order to determine whether there is an effective and, thus, visible color change
under the influence of light and radiation, the color lightness values (L*) and, furthermore,
the total color change (AE*w) of all black prints were tested independently. The variance
in lightness values (AL*) and the total color changes (AE*s) of the prints on all analyzed
paper substrates obtained after artificial aging treatments of 48 and 96 h, in comparison
with the values presented in Table 5, are shown in Figure 2.
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Figure 2. Influence of aging treatments of 48 h and 96 h on prints: (a) lightness difference (AL*); (b)
difference in color attribute a* (Aa*); (c) difference in color attribute b* (Ab*); (d) the total color dif-
ference (AE*w).

The reflectance spectrum of each analyzed paper substrate, without (N) and with the
addition of triticale straw pulp (INTR, 2NTR, and 3NTR), and the reflectance spectrum of

the printed paper substrates (No, INTRo, 2NTRo, and 3NTRo) are shown in Figure 3a,b.
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Figure 3. Reflectance spectrum of: (a) unprinted paper substrates; (b) prints on all paper sub-

strates.

The variance in the visible reflectance spectra of ink film upon artificial aging for 48

h and 96 h is presented in Figure 4.
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Figure 4. Reflectance difference (AR) after artificial aging of prints made on all analyzed paper sub-
strates for 48 h and 96 h.

The FTIR spectrum of filter paper, as a reference for regions with the signals of cellu-
lose macromolecules, is presented in Figure 5a, while FTIR spectra of the analyzed un-
printed paper substrates are presented in Figure 5b.
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Figure 5. FTIR spectra of (a) filter paper; (b) unprinted papers substrates.
Changes that occurred during artificial ageing in two cycles of 48 h on prints on each
analyzed paper substrate were observed through the FTIR spectra of the prints, and ab-
sorbance spectra are presented in Figure 6a—d.
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Figure 6. FTIR spectra of prints before and after artificial aging regarding paper substrate: (a) refer-
ence (N); (b) INTR; (c) 2NTR; (d) 3NTR. Note: In the legend, the 0 refers to unaged prints, the 48
refers to prints artificially aged for 48 h, and the 96 to prints artificially aged for 96 h.

The variance in total color differences, AE*a, of ink film upon rubbing treatment per-
formed at different rotation numbers (20, 40 and 60) is presented in Figure 7. Given that
one of the most common parameters that affects print rubbing is the roughness of the
paper substrate surface, this element is also included in the presentation of results.

Number of rotations: [Illl 20 [ 40 ] 60 ‘—-— R,‘

4.0 4 r4.0
]
»

35 _—

INTR 2NTR
Paper substrate

Figure 7. Color difference (AE*») of the prints after rub resistance testing with 20, 40, and 60 rota-
tions in comparison with roughness of the unprinted paper (Ra).

For a visual confirmation of the black ink transfer from all printed paper substrates
(N, INTR, 2NTR, 3NTR) to the opposite contact surface as a result of rubbing, Figure 8a-
1 shows microscopic images of the paper contact surfaces after rubbing the prints at 20, 40,

and 60 rotations.

(@)

(b) | (© - (d)
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%) o (8) (h)

) (k) M
Figure 8. Microscopic images of the opposite paper surface after performing rubbing test on printed
paper substrate: (a) N with 20 rotations; (b) 1INTR with 20 rotations; (c¢) 2NTR with 20 rotations; (d)
3NTR with 20 rotations; (e) N with 40 rotations; (f) INTR with 40 rotations; (g) 2NTR with 40 rota-
tions; (h) 3NTR with 40 rotations; (i) N with 60 rotations; (j) INTR with 60 rotations; (k) 2NTR with
60 rotations; (1) 3NTR with 60 rotations.

The variance in total color differences (AE*s) of black ink film upon treatment with
inorganic and organic chemical agents is presented in Figure 9a,b.

Inorganic chemical agents:

4.0 | water

[ ]sodium hydroxide

Organic chemical agents:

[ acetic acid
I citric acid

[ Jethanol
[ soybean oil

2
w20
<
1.5
1.0
0.5
0.0
N INTR 2NTR 3NTR N INTR 2NTR 3NTR
Paper substrate Paper substrate
(a) (b)

Figure 9. Color difference (AE*») of the prints after treatment with (a) inorganic chemical agents; (b)
organic chemical agents.

4. Discussion

Given that print stability is of utmost importance for packaging materials, an overall
stability assessment of printed packaging paper containing triticale straw pulp was con-
ducted based on aging, rubbing, and chemical stability.

The impact of artificial aging through two cycles of 48 h each was observed through
the changes in the colorimetric values of the black color print: AL* (Figure 2a), Aa* (Figure
2b), and Ab* (Figure 2c), and that regarding numerically easily visible tolerance for the
graphics industry through the total color change (AE*w) (Figure 2d). Although the biggest
changes in the CIE L*a*b* color space were expected for the lightness color value, given
that the research was carried out on black prints, this was not the case. Moreover, it was
observed that the black print on laboratory-made sustainable paper has a more stable
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lightness as the proportion of triticale straw pulp increases. It was also observed that the
most significant changes related to this color parameter occur within the first 48 h, while
further aging has an insignificant effect on the lightness value, regardless of the type of
printing substrate used (Figure 2a). It can be seen from Figure 2b that the color attribute
a* of black prints does not change significantly after the first cycle of artificial aging on
any printing substrate, while an additional 48 h of aging leads to a somewhat greater
change, especially when printed on a paper substrate with 30% triticale pulp. It is obvious
that the paper substrate plays a significant role in the stability of the black color after the
aging of offset prints. Since the pulp was not subjected to a bleaching process and was
obtained through semi-chemical pulping of the cereal straw, the residual lignin remained
in the pulp, which caused yellowing and reddening of the formed paper during aging.
Therefore, the aged prints show a shift in color measurement in the positive direction
along the a* and b* axes in the CIE color space, indicating a shift toward red and yellow
hues. The most significant is the shift along the b* axis, which indicates the yellowing of
prints due to aging. An identical trend to that of the changes caused by artificial aging
observed for the b* color attribute (Figure 2c) was also observed for the total color differ-
ence (Figure 2d) calculated according to Equation (1), confirming that for prints on labor-
atory-made sustainable paper containing triticale straw pulp, it is exactly the b* color at-
tribute that is most responsible for the change in AE*». The appearance of yellowing of
the black print due to artificial aging can certainly be correlated with the composition of
the paper substrate, for which an increase in the yellowness index (Table 1) of up to 22.2%
was determined for the laboratory-made paper substrate with the maximum addition of
unbleached triticale straw pulp of 30% compared with the paper substrate without the
addition of triticale straw pulp (N). However, the overall color difference AE*» of all prints
showed good stability (AE*» < 3.58) under the given artificial aging conditions. Figure 2d
shows how prolonging the aging treatment of prints on all paper substrates leads to fur-
ther degradation of the print.

Figure 3 shows the reflectance spectra of the analyzed laboratory-made paper sub-
strates (Figure 3a) and the prints made on them (Figure 3b). Since the optical properties
of paper are very sensitive to its structure, the absorption of the paper substrate depends
largely on the content of cellulose, hemicellulose, and lignin. In general, lignin absorbs
more strongly than cellulose or hemicellulose in the UV and visible spectral range due to
its aromatic nature [28]. Pure cellulose and hemicellulose absorb more significantly in the
near UV spectral range (300-380 nm) than in the visible spectral range (380-550 nm)
[29,30]. It was noticed that in the range of shorter wavelengths, all analyzed paper sub-
strates show a lower reflectance, and their reflectance values decrease with a higher pro-
portion of triticale straw pulp. On the other hand, the black prints on analyzed paper sub-
strates have negligible reflections in the entire visible part of the spectrum, i.e., it can be
concluded that the black ink absorbs light energy uniformly over the entire range of the
visible spectrum. This is also confirmation that the black ink was printed on all substrates
with high quality. After both aging cycles (48 h and 96 h), the reflectance spectra of prints
on all paper substrates are characterized by an increased reflectance (Figure 4). This be-
havior is in correlation with results obtained for offset black ink printed on alkaline offset
paper aged with standard moist heat and dry heat treatments [31]. However, the shape of
the spectrum for all prints contains minor changes for wavelengths below 500 nm, while
more significant changes occur for wavelengths above 500 nm. The reflectance of all ana-
lyzed printed paper substrates gradually increases, and only the 3NTR paper substrate
achieves a reduced reflectance up to 550 nm with the first aging cycle and a further reduc-
tion with the second aging cycle (96 h). From the shape of the spectrum, the greatest in-
creased reflectance is evident in the red part of the spectrum, which confirms the changes
observed in the analysis of the CIE L*a*b* colorimetric values.

The outcome of the FTIR analysis of filter paper is shown in Figure 5a and Table 6.
FTIR spectra of filter paper made from pure cellulose fibers were obtained to better iden-
tify the regions where cellulose macromolecule signals are recorded.
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Table 6. Values of wavenumbers attributed to the chemical moieties [32].
Wavenumber (cm™) Chemical Group

3333 YOH covalent bond, hydrogen bonding
2883 YCH
1427 OCH2 (symmetric) at C-6; crystalline region
1313 O0CH: (wagging) at C-6
1203 0COH in plane at C-6
1161 YCOC at 3-glycosidic linkage
1107 Y ring in plane
1028 vYCO at C-6
895 YCOC at 3-glycosidic linkage; amorphous region
609 OCOH out of plane

Figure 5b shows an FTIR spectra of the unprinted paper substrates N, INTR, 2NTR,
and 3NTR, respectively. Since all analyzed printing substrates contain calcium carbonate
as a filler in higher or lower content, the band that appears at 874 cm™! is the calcium car-
bonate vibrational band [33-35].

From the FTIR spectra presented in Figure 6a—d, it is evident that the changes in the
chemical moieties are caused by the application of the ink to the substrates through the
offset printing process. The largest change in the FTIR spectrum after printing was ob-
served for all paper substrates at a wavenumber ranging from 1750 cm™ to 1100 cm™,
which was caused by the applied ink. Offset black ink shows similar peaks of its FTIR
spectra to the commercial gravure printing ink reported by Ramli et al. corresponding to
chemical functional groups. For the C=O functional group, the peak was recorded at 1716
cm!, for the C-H functional group, it was recorded at 1456 cm! and 1355 cm™!, and for the
C-O and C-O-C functional groups, the peaks were recorded at 1225 cm™' and 1097 cm™!
[36]. On the other hand, the pronounced peaks at 3333 cm™! related to hydrogen bonds of
native cellulose and at 2883 cm™ related to carbon-hydrogen bonds (most likely yCH vi-
brations of methylene in cellulose) of paper as a printing substrate are broadened by print-
ing, i.e., peak broadening occurs. Peak broadening is an indication of the degradation of
the crystalline structure of the cellulose catalyzed by either the chemistry of the ink or the
binding mechanism of the ink to the paper substrate. Along with artificial aging, the ab-
sorption curves for all analyzed paper substrates were changed, regardless of whether
triticale straw pulp was added to them or not. The vibrational bands occurring at 3333
cm™ and 2883 cm™ gradually weaken with aging, as the initiated reaction of the degrada-
tion of the cellulose structure is further enhanced by the effect of aging, where the dehy-
dration of the cellulose certainly occurs, while all samples revealed a rising peak at 1716
cm!, becoming stronger due to the vibrations of the C=O functional group [35].

The results of the rub stability of printed sustainable paper substrates presented in
Figure 7 showed that all printed paper substrates, regardless of whether they contained
triticale pulp or not, achieved the greatest color changes after the initial 20 rotations, and
after further series of rub cycles (40 and 60), the color changes reached a maximum of 28%.
The penetration of the ink increases with increased surface roughness [37], and as the ad-
dition of virgin triticale straw fibers to a pulp of recycled fibers increases the surface
roughness parameter Ra of the paper substrate (from 2.66 for N to 3.81 for 3NTR), it was
expected that as the roughness of the printing substrate increases, the stability of the print
on rubbing will decrease. In general, for all prints, changes in the color increase with the
number of rubbing cycles. It is interesting to note that printed paper substrates with 10%
and 20% triticale pulp show about the same rub resistance of the print after 20 rotations
(AE*a» = 1.22), which is only perceptible for an experienced observer. It is certainly im-
portant to emphasize that regardless of whether the prints were made on paper substrates
without or with triticale pulp, at 60 rotations in total, all analyzed prints showed sufficient
rub resistance, with AE*» below the threshold value of 2. Images of the opposite contact
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surface of the paper (Figure 8a-1) used for the black print rubbing test at different rotations
on reference paper (N) and papers with triticale straw pulp (INTR, 2NTR and 3NTR) in-
tended for sustainable packaging confirm that the black print obtained is resistant to me-
chanical rubbing because there is no significant ink transfer, which is of high importance
for printed packaging. From this and from our previous studies, it can be concluded that
laboratory paper substrates with straw pulp addition up to 30% has satisfactory stability
of prints in rub resistance tests and can be recommended for further development in the
production of paper for packaging and other purposes.

When considering the chemical resistance of the prints, which is important for the
packaging of liquid products, the black offset prints were very stable in contact with all
the inorganic chemical agents used (Figure 9a), while in the case of the organic chemical
agents (Figure 9b), the printed paper substrates changed color in contact with soybean oil,
whereby the obtained color difference value (AE*») was greater than 2, which can be per-
ceived by an inexperienced observer. The highest color change value (AE*» = 3.26) was
observed on printed paper substrates with 30% triticale pulp (3NTR). Overall, printed pa-
per substrates with the addition of triticale straw pulp (INTR, 2NTR, 3NTR) achieved the
same chemical stability as printed paper substrates made only from recycled fibers (N).

5. Conclusions

In terms of greater environmental consciousness, the addition of virgin straw fibers
to the pulp of recycled fiber provides a distinct advantage by reducing the use of virgin
wood fibers, and also by reducing waste from agricultural processes. Based on the re-
search conducted on printed paper substrates with the addition of triticale pulp, we can
draw several conclusions:

e After the artificial aging procedure, it was found that the black print on the paper
substrates has more stable lightness regardless of the increase in the proportion of
triticale straw pulp, while greater changes in hue were observed, giving the print a
more yellowish and reddish appearance after aging. This behavior was also con-
firmed when the differences in reflectance were shown by subtracting the reflectance
spectrum after aging and the reflectance spectrum before aging. FTIR analysis re-
vealed that the absorption curve changes equally with aging for all analyzed paper
substrates, regardless of whether triticale pulp was added to them or not. The vibra-
tion bands occurring at 3333 cm™ and 2883 cm™ disappear with increasing aging
time.

e  The mechanical stability of all printed paper substrates, regardless of whether they
contain triticale straw pulp or not, reaches the greatest color changes after the initial
20 rotations, with the most stable prints produced on paper substrates containing
10% and 20% triticale straw pulp. All analyzed prints meet the rubbing resistance
after a cycle of 60 rotations, which an inexperienced observer cannot notice as
changes in the color of the prints.

e All the observed black offset prints achieve very good stability in contact with all the
inorganic chemical agents used, while in the case of the organic chemical agents, the
printed paper substrates changed color more significantly after contact with soybean
oil, which is noticeable even by an inexperienced observer.

e  Considering the results obtained, it can be concluded that printed paper substrates
with the addition of triticale straw pulp can be used for sustainable packaging of
products that do not contain soybean oil.
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