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The effect of electromagnetic
radiation on the reflectance spectra
of prints on hemp papers

ABSTRACT

From the moment of production, paper as a printing substrate is exposed
to the process of natural ageing regardless of the type of cellulose fibres

in its composition. Accordingly, the prints produced by the various printing
techniques are also exposed to several factors that impair the quality of
the print i.e. its colour over time. Therefore, it is very important to properly
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select the printing substrate for achieving a high quality of graphic products.

For that purpose, three types of papers with hemp fibres were used as
printing substrates which were printed with laboratory hand-operated
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instrument Esiproof using flexographic cyan (C), magenta (M), yellow (Y)
and black (K) water-based inks. Prints were artificially aged in SunTEST

XLS+ test chamber according to standard ASTM D 6789-02 for 48 and 96
hours. Based on changes in the reflectance spectra of each printed ink after
exposure to electromagnetic radiation it was noticed how composition
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of printing substrate strongly influence on colour stability of prints due

time. An increase of exposure time to electromagnetic radiation leads to a
decrease in the value of the reflectance of the printing substrate and cyan,
magenta and yellow prints. It was confirmed how electromagnetic radiation
have the greatest impact on the reflectance of yellow print, while the black
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one is the most stabile regardless of the substrate it was printed on.
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Introduction

Industrially grown hemp (Cannabis sativa L.) is a plant
that has been recognized as an important raw material
for many industries, including the paper industry (Dan-
ielewicz & Surma-Slusarska, 2010; Miao et al., 2014).

This plant features strong and long fibres with low lignin
content. In total, 35% of fibres are classified as long bast
fibres, and 65% are short core fibres. Hemp fibre for
paper production must have a fibre length of 15-55 mm
(Azeez, 2018). An important feature of this raw material
is also the time of growth required after which it can sup-
ply the paper industry. It is known that the wood is the
main raw material for pulp and paper industry and 20-80
years are required for trees growth to provide fibres for
paper production. On the other hand, hemp can reach a
height of 4-5 meters in only 80-150 days when it is clas-

sified as mature for fibre harvesting. Compared to one
hectare of forest, one hectare of hemp can produce four
times more paper (Matachowska et al., 2015). However,
hemp as a fast-growing alternative to trees is annual
plants which results in some disadvantages. Due to the
macroscopic structure, there are great differences along
the plant from top to bottom in terms of morphological
structure and chemical composition. The disadvantages
of hemp woody-core pulp and hemp bast fibre pulp as
papermaking intermediates proved to be low tear resis-
tance and low tensile strength, respectively. The main
reasons for the low tensile strength of hemp bast fibre
pulp are the low susceptibility of their fibres for internal
fibrillation and low hemicellulose content (Danielewicz
& Surma-Slusarska, 2017). Regardless of the origin of
the cellulose fibres used in the paper industry, paper as
a product is subjected to a process of natural ageing.
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This irreversible chemical and physical process occurs
slowly over time in all papers from the moment of its
production. It involves numerous interactions between
substances in the paper and with its surroundings (Rad-
kova et al., 2015; Cerni¢ Letnar & Kropar Vancina, 2002),
causing structural changes and chemical composition

of the material leading to the changes in the functional
properties of material (Zotek-Tryznowska & Annusik,
2019). Therefore, the samples produced by the printing
on the paper substrates are also exposed to several fac-
tors that impair the print quality i.e. its colour over time.
These changes are manly observed as a fading of colours
on prints. So, it is particularly important to select the
printing substrate which will provide the required quality
of graphic products due time. The stability of paper and
prints during the ageing process is largely determined by
composition of the paper, printing ink and their interac-
tion during printing process. To evaluate the permanence
of paper or print different methods of accelerated/arti-
ficial ageing have been used by researchers all over the
world. These methods include aggravated conditions of
heat, humidity, oxygen, sunlight, vibration, etc. to speed
up the normal ageing processes of items. UV radiation

is the primary cause of degradation in inks, in combina-
tion with temperature and moisture acting as secondary
stressors that can accelerate the rate of degradation
(Lind et. al., 2004). Namely, light as a visible part of spec-
trum is divided into ultraviolet light (UV), visible light,
and infrared energy (IR) that have the shortest to the
longest wavelength, respectively. UV light has the highest
energy among the electromagnetic spectrum because
the short wavelength exhibits higher energy due to the
higher frequency of the waves at the same speed of light
in space. UV light breaks the chemical bonds of mole-
cules in objects, including colour of printed materials.
The molecules of the colour absorb UV light and activate
a chemical reaction of electrons leading to photochem-
ical degradation, while the degradation visually affects
colour degradation or colour fading (Narakornpijit, 2018).
However, artificial ageing of paper can just partially
simulate the natural ageing mechanisms such as hydro-
lysis, oxidation, and photodeterioration (Zervos, 2010).

In our previous research (Plazonic et al., 2020b; Plazo-
nic et al., 2018) results indicate that hemp fibres can
produce high-quality office papers that are more stable
under light and temperature influences than those made
with post-consumer fibres. However, to increase the
durability of manufactured papers, hemp fibres must

be bleached. However, the composition of paper as a
printing surface is only one of the factors that ensure the
quality of the printed graphic product. Another factor

is the chosen printing technique, as well as the ink that
will interact with the printing substrate, but the negative
impact of external climate conditions to which printed
products are often exposed to is extremely important.
Generally, black and cyan will fade only slightly, while

at the same time yellow and magenta will noticeably
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fade. Yellow absorbs visible blue light (450 nm- 495 nm)
which has the highest energy of visible electromagnetic
radiation, so yellow will show more significant discolor-
ation than other process colours (Narakornpijit, 2018).
Ink is structurally a dispersion system consisting of pig-
ment, binder and solvent, and it is proven that with the
lower ink pigmentation concentration is the lower the
lightfastness (Aydemir, Yenidogan & Ozsoy, 2019). It is
important to emphasize that the film thickness of the ink
on the surface of the print substrate is highly decisive

in light resistance. When the thickness of the ink film
increases, the light fastness will be higher as the number
of pigments affected by the light in a certain region will
increase. Therefore, it is important to maintain a contin-
uous ink thickness during printing (Aydemir &Yenidogan,
2018). In general, the stability of an ink layer to UV light
depends on the exposure of the ink to light, as well as on
the thickness, transparency, pigmentation, filler content
factors, or white pigment in the ink film (Aydemir et al.,
2021). Studies of effect of electromagnetic radiation

on the stability of the ink layer on paper substrates are
limited, especially in the field of flexographic printing.

The aim of this study was to evaluate the stability
of flexographic print on substrates with hemp fibres
based on the reflectance spectra measurements
after artificial ageing in Suntest XLS+ test chamber
which emits visible and near ultraviolet electromag-
netic radiation in range from 290 nm to 800 nm.

Materials and methods

Paper as a printing substrate

In this study three types of office papers were used.
Their basic characteristics are summarized in Table 1.

Table 1
Characteristics of hemp fibre-based paper
used as printing substrates

Type 1 Type 2 Type 3

90 g/m? 90 g/m? 90 g/m?

25% hemp and 75%

100% hem
° P post-consumer

plant fibre

100% hemp

plant fibre )
waste fibres

100% sustainable 100% sustainable 100% sustainable

non-chlorine acid free,
unbleached ]
bleached chlorine free
uncoated uncoated uncoated
handmade handmade industrial

In previous research (Plazonic et al., 2016) it was found
that paper Type 3 has the highest share of inorganic com-



ponents (6.35% of CaCO, and 0.75% of china clay) and
consequently the highest share of ash (ash,.,. = 7.01%).
Papers made only from virgin hemp fibres, papers Type
1and Type 2, have a low share of ash (ash_ ... <2.4%).

5250C

Full tone prints

All papers were cut in dimensions 190 mm x 40 mm
and subjected to manual printing using a print tester
Esiproof (RK print). The cyan (C), magenta (M), yellow
(Y) and black (K) prints were made in full tone by Iroflex
917 inks manufactured by Sun Chemical (Table 2). For
producing quality flexographic prints, ceramic anilox
roller having 40 lin/cm (60° spread angle) with a total
cell volume of 39.10 cm¥m? was used. The purpose of
the anilox roller and the doctor blade situated at an
angle of 30° with the tangent point of the anilox roll is to
transfer an accurate amount of ink to the surface of the
printing plate. The printing process was carried out at

a temperature of 23°C and a relative humidity of 50%.

To perceive the value of the ink film thickness on hemp
papers, the optical ink density (D) was determined on all
prints by a densitometer eXact, X-Rite (D50/2°). The opti-
cal ink density was calculated according to equation 1.

D.=log & M

where: | - the light intensity of the light remitted by
the ink film in relation to the /  intensity of light,

I, - intensity of the light remitted by

The effect of electromagnetic radiation on the optical
ink density of cyan, magenta, yellow and black print
made on hemp papers was also shown through change
of the optical ink density (AD)) calculated by equation 2.

AD =D -D (2)

i i before ageing i after ageing

where: AD - change of the optical ink density;

: before ageing™ L€ OPtical ink density of cyan, magenta,
yellow and black print measured before ageing;

: after ageing” the optical ink density of cyan, magenta,
yellow and black print measured after 96 hours of ageing.

Artificial ageing of papers and prints

Papers and prints were cut into strips 60 mm x 90 mm
and placed side by side in Suntest XLS+ test chamber,
supplied with a daylight filter, which emit visible and
near ultraviolet electromagnetic radiation in wave-
length range from 290 nm to 800 nm. The procedure
of artificial ageing was carried out according to ASTM
D 6789-02, during which the level of light intensity was
(765 + 50) W/m?, the temperature was kept at 22.6°C
and relative humidity was 50%. Exposure to the UV
radiation was performed in 2 cycles for 48 hours and
in Table 3 is given information about ageing course.
UV dose is the product of UV intensity (expressed

as energy per unit surface area) and residence time
(Feller, 1994) so it can be calculated by equation 3:

unprinted laboratory paper. UV dose=1xt (3)
Table 2
Prints
Prints
Cyan (C) Magenta (M) Yellow (Y) Black (K)
Table 3

Course of ageing in the Suntest XLS+ test chamber

Ageing cycle no.

Time of ageing (h)

Dose of energy

Natural ageing comparable

supplied (kJ/m?) time (days)
1 48 132192 44.5
2 96 264 384 89.0
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where: /- intensity or energy per unit surface area
expressed in J/(cm?sec);
t - exposure time in sec.

According to the ageing conditions used in this study,
every hour spent in the ageing test chamber corre-
sponds a dose of energy absorbed of 2754 kJ/m?, which
is compatible with approximately 22 hours of natural
ageing. This is in correlation with the statement that
one hour of treatment under a xenon lamp correspond-
ing to one day in nature (Debeljak & Gregor-Svetec,
2010; Izdebska, Zotek-Tryznowska & Ksigzek, 2013).

Spectrophotometric analysis

Papers and prints reflectance measurements were pro-
cessed using a spectrophotometer X-rite SpectroEye,
in the wavelength interval from 400 nm to 700 nm
for every 10 nm. The reflectance measured over white
background under illuminant D50 (daylight 5000°K),
2° standard observers, directional geometry, was the
basis for the evaluation of optical properties of experi-
mental samples. During the spectrophotometric mea-
surements, the relative humidity of the atmosphere
was approximately 60% and the temperature was
around 21°C. These measurements were supported

by ColorShop 2.0 software and analysed by Technical
Graphic Origin 6.0 Professional. The reflectance spec-
tra of all samples before and after artificial ageing for
both period of time (48 and 96 hours) was measured,
and the results of reflectance measurements are pre-
sented as AR according to the following equation (4):

AR=R -R (4)

before ageing after ageing

Results and Discussion

Since paper is a complex structure consisting mainly
of a network of fibres, filler pigment particles and air,
light is not only reflected on paper surface. Within the
surface layer, that is, in the paper structure, light also
interacts with fibres and pigments. Therefore, in Fig-
ure 1 are presented the reflectance spectra for each
paper type which are used as a printing substrate.

The spectral reflectance curves shown in Figure 1a-c
confirm that papers used in this study as the printing
substrate differ greatly in composition. The reflec-
tance curves of paper containing only virgin hemp
fibres in their composition are similar (Figure 1a-b),
while the reflectance intensity for paper in which the
fibres undergo a bleaching process (Type 2) over the
entire whole visible part of the spectrum is higher
than for paper whose fibres are not bleached (Type 1).
This shape of curve is characteristic of pure cellulose/
ashless papers such as filter paper (Plazonic, Barbar-
ic-Mikocevic & Dzimbeg-Malcic, 2009). Industrial made
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paper with 25% of virgin hemp fibres in its composition
and 75% of recycled fibres (Type 3) have a totally dif-

ferent spectral reflectance curve as was expected.

» Figure 1: Spectral reflectance curves of the analysed
printing substrates: a) paper Type 1; b) paper Type 2; c)
paper Type 3

It can be seen from Figure 1c that in addition to bleached
paper, this paper also contains a large amount of filler

as it intensely reflects light between 420 nm and 480
nm. This shape of the reflectance curve is characteristic
for office papers with large amount of fillers as calcium
carbonate and clay (Plazonic, Barbaric-Mikocevic &
Dzimbeg-Malcic, 2015). By ageing the reflectance of all
analysed printing substrates decreases noticeable after
48 h, while further exposure to electromagnetic radiation
resulted in a slight decrease in the reflectance. It is also
evident that artificial ageing by exposure to electromag-



Table 4

The optical ink density (D) of prints and changes in optical ink density (AD)) effected by electromagnetic radiation

D. AD.
Print L i
Type 1 Type 2 Type 3 Type 1 Type 2 Type 3
Cyan 0.99 £0.03 116 £ 0.02 116 + 0.01 0.04 0.02 0.01
Magenta 1.03 £0.05 1.29 +0.01 1.22 +0.01 0.08 0.07 0.01
Yellow 0.82+0.03 113+ 0.02 1.21+£0.01 0.24 0.37 0.25
Black 1.01+0.05 1.32+£0.01 1.25+0.01 0.01 0.02 0.00

netic radiation causes approximately the same decrease
in the reflectance of both papers with 100% hemp fibre
content over the entire whole visible part of the spec-
trum. For paper Type 3, it was noticed that electromag-
netic radiation did not affect the intensity of the spectral
reflectance in the visible part of the spectrum in the wave-
length range from 480 nm to 700 nm, just in the blue part
of spectrum (420 nm — 460 nm). In our previous research
where effect of photo-oxidation on the properties of this
hemp office papers were analysed, it was founded that
hemp fibres can produce high-quality office papers that
are more stable against light and temperature influences
than those made with post-consumer fibres. Namely,
results of strength properties (tensile index, elongation
at break, tear index), surface properties (Bendtsen
roughness, Bekk smoothness), pH of paper extracts, and
optical properties have pointed out that for increasing
the durability of manufactured papers, hemp fibres
must be bleached. A main purpose of bleaching the

pulp is to remove the residual lignin and chromophores
inside the pulp, which efficiently absorb UV radiation
and cause paper degradation (Plazonic¢ et al., 2020b).

The Type 1and Type 2 samples are handmade papers,
and their smoothness is lower than the smoothness of
industrially made paper. However, Type 1 made from
unbleached hemp fibres was detected as paper with the
roughest surface (Plazonic et al., 2020a). Although the
anilox roller provides the transfer of an equal amount of
ink to the printing plate, and from the printing plate to
the paper, the rougher surface of the paper Type 1 result-
ed in lower optical ink density for all inks (Table 4). This

is because the transferred ink on the rough surface of
the paper penetrates the paper after filling the irregular
surface (Ha, Park & Kim, 2019). As it is clearly seen from
Table 4, the highest effect of electromagnetic radiation
after 96 hours was observed on the optical ink density of
yellow ink regardless of the composition of paper, while
the black ink was the most stable. From the AD, results it
is also visible that the prints on industrially made paper
(Type 3) are the most stable regardless of the printed ink.

From the differences of reflectance curves between
the non-aged and artificial aged specimens shown in
Figure 2, it can be seen that the unprinted substrate
Type 1 undergoes the greatest reflectance changes due
to exposure to electromagnetic radiation across the
whole visible part of the spectrum (AR =3.9%- 7.9%). It

is also evident that the reflectance values of the printing
substrate (on graph marked with grey colour) decrease
with increasing the exposure time (from 48 h to 96 h).

» Figure 2: Differences of reflectance spectra measure-
ments before and after artificial ageing of paper Type 1
and of prints on that paper with cyan, magenta, yellow
and black inks

On the other hand, prints (on graph each print is marked
with similar colour: cyan print with blue colour; magen-
ta print with pink colour; yellow print with yellow;
black print with black colour) are far less susceptible

to changes in reflectance values than the paper sub-
strate Type 1 on which they are printed. The artificial
ageing in general regardless to the exposure time to
electromagnetic radiation has no effect on the reflec-
tance of black prints. This is in correlation with the
research results provided by Bates, DZimbeg-Malci¢ &
Itri¢ where spectral changes reflection colour in black
offset prints on analysed coated and uncoated papers
were insignificant and most likely were influenced by
printing ink (Bates, DZimbeg-Malci¢ & Itri¢, 2012) and
our previous research (Plazoni¢ et al, 2020b). Other
prints (cyan, magenta and yellow) show a change in the
reflectance with ageing treatment and the longer the
treatment, the greater is the decrease in reflectance
values in an area in which a particular colour reflects
(cyan in the blue part of the spectrum, magenta in the
red part) except for yellow prints which show changes
in reflectance throughout the whole visible part of the
spectrum. It is evident that yellow prints experience the
greatest changes in reflectance due to artificial ageing.
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» Figure 3: Differences of reflectance spectra measure-
ments before and after artificial ageing of paper Type 2
and of prints on that paper with cyan, magenta, yellow
and black inks

Since the composition of the paper Type 2 is identical
to the paper Type 1 (only difference is bleaching pro-
cess before paper formation), Figure 3 shows quite
similar reflectance curve shapes with differences in the
intensity. It is evident that bleached paper substrate
Type 2 undergoes the largest reflectance changes in
the whole visible part of the spectrum due to expo-
sure to electromagnetic radiation (AR =4.2%- 7.9%).

It has been observed that bleached paper Type 2 is
also significantly affected by time of ageing where the
reflectance of paper is significantly reduces as expo-
sure time increases. All prints are more stable to visible
and near ultraviolet electromagnetic radiation than
the paper substrate itself. Black prints are unchanged
in spectral reflections, while other prints experience

a change in reflectance due to artificial ageing, espe-
cially yellow prints up to 6.5% after 96 h of ageing.

» Figure 4: Differences of reflectance spectra measure-
ments before and after artificial ageing of paper Type 3
and of prints on that paper with cyan, magenta, yellow
and black inks
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It can be seen from Figure 4 that the industrial made
paper Type 3, which contains a much larger amount of
recycled than primary hemp fibre and a high amount

of fillers, shows greater stability to electromagnetic
radiation than other two handmade papers with a 100%
hemp fibre content. The only reflectance differences for
the paper Type 3 due to artificial ageing were observed
in the blue part of the spectrum (maximum value of

AR is 6% at 430 nm) which is a consequence of high
share of fillers in it. Prints on this substrate are also
much more stable than prints on handmade papers for
both periods of exposure to electromagnetic radiation.
The significant influence of electromagnetic radiation
after 96 h was noticed only on the reflectance of yellow
prints in the blue and green part of the spectrum.

These results of reflectance spectra measurements
after artificial ageing of 96 hours are correlated with the
optical ink density of prints on hemp apers presented in
Table 4.

Conclusions

The aim of this study was to evaluate the usability of
hemp fibre based papers for long-term prints. The sta-
bility of flexographic prints on such substrates is based
on the differences in reflectance spectra for each ageing
period. This study has confirmed that the printing sub-
strate significantly influence on the stability of the prints
when exposed to electromagnetic radiation. Namely, if
the substrate itself is less susceptible to electromagnet-
ic radiation it will provide more stable prints. It is very
important to choose the appropriate printing substrate
to increase stability of prints, because every paper sub-
strate goes through a degradation process during the
time. Interaction between printing substrate and ink are
crucial for print stability. Equal transfer of the ink amount
to the printing plate and from the printing plate to the
paper is enabled by the anilox roller, while the charac-
teristics of the paper surface, such as roughness, reduce
the ink thickness, ie the lower optical density ink on the
paper. Based on the reflectance spectra of prints on
hemp fibre based papers, we concluded that the black
print show equal stability to artificial ageing regardless
to chemical composition of hemp fibre based papers
(AR <0.5%). The lowest stability on electromagnetic
radiation was achieved by yellow prints on all observed
substrates (AR up to 8.5%). It can also be concluded
that with increasing exposure time of electromagnetic
radiation reflectance values of printing substrates and
cyan, magenta and yellow prints generally decreases.
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