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Abstract
The use of recovered paper in the paper and board industry worldwide has increased in the last decade. The
recycling process affects several properties of the paper, so recovered pulp needs to be enriched with a certain
amount of virgin fibre to increase the strength and quality of the paper, and thus the quality of the print.
Since the cellulose-based printing substrates are sensitive to photolytic damage caused by exposure to light
and high temperature, the focus of the research was to evaluate the stability of digital UV inkjet prints on
laboratory substrates with wheat pulp. Assessment of the optical stability of laboratory substrates and prints
made on them after ageing treatment was based on the reflectance spectra measurements before and after
artificial ageing. In order to observe the optical changes that occur in cellulose printing substrates, unprinted
and digital printed substrates, were artificially aged according to standard ASTM D 6789-02. The test
chamber emits visible and near ultraviolet electromagnetic radiation in range from 290 nm to 800 nm. With
the deterioration of the optical stability of unprinted and digital printed substrates, it was observed through
the reflectance spectra (R) and the Euclidean colour difference (ΔE00*) that the highest colour degradation
of all analysed samples, occurs in the first 48 hours of artificial ageing. The results of this analysis confirm
that the addition of wheat pulp in paper pulp provides better optical stability of unprinted and digital printed
laboratory substrates.
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Introduction

Since paper substrates have been traditionally
produced from wood-derived cellulose fibres,
the consumption of raw wood materials
increased significantly but also led to a
global awareness of the possibility of forest
exploitation and the importance of reusing
post-consumer wastepaper as a source of
cellulose fibre [1, 2].
Recycling process is an old technology, that
has become commercially popular since
Matthias Koops established the Neckinger
mill in 1826 for white paper production
from printed wastepaper. At the time, there
were several studies examining the impact
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of the recycling process on paper properties.
Nowadays it is considered that the recycling
process reduces the fibre swelling capability,
and thus the flexibility of fibres [3].
In the last decade, the use of recycled paper in
the paper and board industry has increased
worldwide. Recovered paper accounts for
around 50% of the total production of paper
fibres used worldwide. Utilization rates of
recovered paper substrates varies widely,
depending on the desired quality and final
purpose. Paper production cannot be based
only on recovered paper, because it cannot be
used effectively in all paper grades, nor can
be used indefinitely. Therefore, during paper
production pulp from recycled fibres needs
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to be enriched with a certain amount of virgin
fibres in order to increase the strength (wood
cellulose fibres decay with each recycling
process) and the quality of the paper [4].
The utilization of non-wood fibres for
papermaking production is the most viable
economically and environmental solution
that fits the European Union Directive on
Environmental Protection, which aims to
reduce the consumption of wood pulp in paper
and cardboard production and substitute
them with alternative plant biomass [5].
Fibre isolated from annual crop residues is a
potential raw material for the pulp and paper
industry due to many advantages of straw as
a source of fibre; it is economical, obtained in
abundant quantities and renewable [6]. On the
other hand, there are still some shortcomings
related to: fibre supply (fibre sources are
harvested in a short period of time and are
extremely voluminous, so large warehouses
are needed, they are larger than wood which
increases transportation and storage costs);
production (a higher proportion of silica
than wood makes a conventional chemical
recovery system unsuitable, while appropriate
production technology is not available and
may become even more expensive than
equipment used for wood); the demand stage
of the use of non-wood fibres for pulp and
paper production (the size of actual wood-free
market is unknown) [7,8].
Wheat straw is a fibrous material, which
is produced annually in huge quantities in
European countries in a much shorter cycle of
wood cultivation. Whereas cellulose fibres are
a main ingredient and structural substance of
any paper, it is therefore important to analyse
if the change in cellulose fibres content affects
the optical stability of the print [9]. From the
moment of production, numerous endogenous
and exogenous factors act on deterioration of
the paper. In fact, its appearance and stability
depend on each component of the paper.
Since electromagnetic radiation, heat and
moisture are the most important factors that
affect the optical and mechanical stability of

16

paper and print, today several methods are
used to simulate the natural ageing process for
experimental purposes. Namely, the natural
ageing process is not practical to analyse due
to variation in weather conditions and due to
long treatment period [10].
Ageing process analysis is a complex process
because the chemical and mechanical
properties of paper elements and ink
components change simultaneously during
the ageing process. Optical stability of prints is
extremely important in the printing industry
because it contributes the most to the overall
appearance and attractiveness of the graphic
product [11,12].
The main goal of this research was to determine
the influence of different proportions of wheat
pulp in the laboratory substrates printed
with digital printing technique on optical
stability during simulation of ageing. Digital
printing technique is chosen because it is a
novel technology that is evolving extremely
fast and in some areas is competitive with all
conventional techniques. The digital printing
technique is predicted to grow dramatically,
because it is economically more cost-effective
and creates good print quality. The process of
ink jet printing is a direct printing technique,
where ink heads print ink droplets on paper
in response to instructions from a computer
[13,14]. The optical stability of printed
laboratory substrates with straw pulp was
observed based on colour degradation assessed
through reflection spectra (R) and Euclidean
colour difference (ΔE00*).

2

Experimental part

2.1 Materials and Methods
2.2 Printing substrates
Wheat straw as agricultural residue after
harvesting was manually cut into 1 cm to 3
cm pieces and converted into semi-chemical
pulp according to soda method [6]. Pulping
conditions are presented in Table 1.
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Table 1: Pulping conditions
Type of
straw
Wheat

Pulping
method
Soda pulping

Extraction conditions
Temperature of 120°C,
alkali level of 16% for
60 min, and a 10:1 liquid
biomass ratio

Provided unbleached wheat pulp was mixed
in three different proportions (10%, 20%
and 30%) with pulp of recycled wood fibres.
Wpulp, %
Recycled
Wheat
100
0
90
10
80
20
70
30

Laboratory substrates, grammage 42.5 g/
m2, were produced by laboratory equipment
Rapid-Köthen sheet former (FRANK-PTI)
according to standard EN ISO 5269-2:2001.
Laboratory substrate that was made only with
recycled wood pulp were used as a reference
sample (marked with N) to compare the
optical stability of substrates and prints which
contain wheat pulp. Workflow of laboratory
substrate production is presented in Figure 1.

DISINTEGRATION
m pulp = 80 g
VH2O = 1.6 l
pH = 8
T = 45°C
t = 20 min
HOMOGENISATION
VH2O = 10 l
pH = 7.5
T = 45°C
t = 5 min
Laboratory substrate
(handsheet)
42.5 g/m2

Figure 1: Workflow of laboratory substrate production

2.3 Printing of fulltone areas on
laboratory substrates and commercial
paper
Laboratory made substrates and commercial
paper (marked as C) used as second control
sample, were printed by UV curable ink jet
printer EFI Rastek H652. Fulltone areas of
magenta and black ink with the resolution
of 600 dpi x 600 dpi and printing velocity of
12.10 m2/h were printed with high quality
mode, 8 pass, on each substrate. During
printing process, the ambient temperature was
23°C and relative humidity was 55%.
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2.4 Artificial ageing
Artificial ageing treatment of unprinted and
UV ink jet printed substrates was performed
by the standard method ASTM D 6789-02 [15]
in a SunTEST XLS+ test chamber (Figure 2.)
supplied with a xenon-arc lamp and a daylight
filter which emits visible and near ultraviolet
electromagnetic radiation in the wavelength
range from 290 nm to 800 nm with a light
intensity of (765 ± 50) W/m2 under elevated
temperature inside the test chamber up to
39.5℃ (Table 2.). The light from xenonarc lamp simulates natural daylight passing
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through windows on a paper surface with
a light flux that is substantially higher than
normal indoor conditions.

All observed unprinted and printed substrates
were cut in dimensions of 20 mm x 50 mm
and treated with two cycles of 48 hours.

Table 2: Conditions during artificial ageing process
Wavelength (nm)

290 - 800

Light intensity (Wm-2)

765 ± 50

Test equipment

SunTEST XSL+, Id.No. 196 Rotronic
Hygrolog, Id.No. 180/2

Duration process (h)

48

96

Ambient condition

24.8°C, 54.7 % RH

23.5°C, 47.4 % RH

Filter

daylight

Figure 2: SUNTEST XSL+ test chamber

2.5 Optical properties
For determining the influence of wheat pulp
in substrates on the optical stability of the
unprinted and printed substrates with two inks
(magenta and black), the colour degradation
and reflectance changes were observed on all
samples. The abbreviations of the analysed
unprinted and printed substrates are described
in the Table 3.
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Table 3: Abbreviations used in marking samples
C

commercial paper with 100 % recycled
pulp

N

laboratory paper with 100 % recycled
pulp

1NW

laboratory paper with 10% wheat pulp

2NW

laboratory paper with 20% wheat pulp

3NW

laboratory paper with 30% wheat pulp

p.

printed paper

unp.

unprinted paper

m.

magenta ink

b.

black ink

unag.

unaged paper

ag.

artificially aged paper
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2.5.1 Reflectance spectra measurements
Reflectance spectra measurements of unprinted and digital printed substrates were processed using Spectroeye, X-rite spectrophotometer with standard illuminate D50 and 2°
observer, in the interval of the wavelengths
from 400 nm to 700 nm for every 10 nm. Reflectance values (R) were determined on all
substrates before and after ageing treatment.
Reflectance measurements were repeated 10
times on each substrate.

2.5.2 Euclidean difference (ΔE00*) values

The definition of tolerance colorimetric differences (ΔE00*) are presented in Table 4 [17].
Table 4: Tolerances of Euclidean differences
Euclidean
difference value

Euclidean difference tolerance

<1

Average human eye does not see the
difference

1-2

Very small difference – optimal
ΔE00*=2

2-3

Moderate difference

3.5 - 5

Difference

>5

Great difference

Euclidean difference (ΔE00*) values of all unprinted and printed substrates with magenta and black ink were obtained based on colorimetric CIE L*a*b* values by X-rite spectrophotometer. The following equation (1) is
used to calculate the colour differences of all
samples before and after artificial ageing treatment [16].

2
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where: ΔL’ is the transformed lightness
difference between sample before and after
artificial ageing, ΔC’ is the transformed
chroma difference between sample before and
after artificial ageing, ΔH’ is the transformed
hue difference between sample before and after
artificial ageing, RT is the rotation function, kL,
kC, kH are the parametric factors for variation
in the experimental conditions and SL, SC, SH
are the weighting functions.
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3 Results and discussion
3.1 Reflectance spectra measurements
Figures 3-4 present the experimental results
of reflectance spectra measurements in the
visible part of the electromagnetic spectrum
before (marked as unag.) and after two cycles
of artificial ageing treatment (marked as ag.48
and ag.96) for unprinted samples (marked as
unp.).
From reflectance spectra presented in Figure
3 it is evident that the highest deterioration in
both unprinted samples made from recycled
pulp has occurred in the first 48 hours of
artificial ageing (ΔRmax(Cunp.unag. – Cunp.ag.48) =
13.9%; ΔRmax(Nunp.unag. – Nunp.ag.48) = 17.5%).
After first cycle of artificial ageing treatment
it is noticed that reflectance values drop down
significantly in the blue-green part of spectrum
while in the red part reflectance values slightly
increase. After the second ageing cycle, the
changes are negligible through the whole
spectrum.
Figure 4 represents reflectance spectra of
unprinted laboratory substrates with the
addition of 10%, 20% and 30% wheat pulp
after ageing treatment performed in two
cycles. The obtained results show that the
reflectance values of all laboratory substrates
with wheat pulp decrease after artificial ageing
treatment in the blue-green part of spectrum
while increase in the red part of reflectance
spectrum. This trend due to the treatment of
ageing was also shown by control samples.

Figure 3: The influence of ageing time on reflectance
spectra of unprinted control samples – commercial (C)
and laboratory (N)

Figure 4: The influence of ageing time on reflectance
spectra of unprinted laboratory substrates with wheat
pulp (1NW, 2NW, 3NW)

However, the highest degradation of unprinted
substrates with wheat pulp occurs after first
48 hours of artificial ageing on unprinted
laboratory substrate 1NW
(ΔRmax(1NWunp.unag.–1NWunp.ag.48) = 13.2%),
while the substrates 2NW and 3NW have very
little reduced values

After additional 48 hours of artificial ageing,
degradation is still visible but significantly
lower (ΔRmax(1NWunp.ag..48. – 1NWunp.ag.96) = 3.06%;
ΔRmax(2NWunp.ag..48. – 2NWunp.ag.96) = 5.01%;
ΔRmax(3NWunp.ag..48. – 3NWunp.ag.96) = 2.16%).

(ΔRmax(2NWunp.unag.–2NWunp.ag.48) = 10.1%;
ΔRmax(3NWunp.unag.–3NWunp.ag.48) = 12.56%).

In Figures 5-6 the results of reflectance
spectra measurements in the visible part of
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oscillations can be seen. There is a visible drop
in reflectance values for magenta prints made
on both samples (N and C) after 48 hours
of artificial ageing. Change is visible after
96 hours as well, but insignificant. Namely,
first 48 hours of artificial ageing have the
highest impact on reflectance values of all
magenta prints (ΔRmax(Cp.m.unag. – Cp.m.ag.48) =
8.43%; ΔRmax(Np.m.unag. – Np.m.ag.48) = 8.82 %).
Same effect was also noticed for unprinted
substrates, while further ageing had negligible
impact (ΔRmax(Cp.m.ag.48 – Cp.m.ag.96) = 1.6%;
ΔRmax(Np.m.ag.48. – Np.m.ag.96) = 1.76%).

Figure 5: The influence of ageing time on reflectance
spectra of control samples –commercial (C) and
laboratory (N) printed with magenta ink

Figure 6: The influence of ageing time on reflectance
spectra of magenta prints made on laboratory
substrates without (N) and with wheat pulp (1NW,
2NW, 3NW)

the electromagnetic spectrum before (marked
as unag.) and after two artificial ageing
treatments (named as ag. 48 and ag. 96) for
printed samples with magenta ink (marked as
p.m.) are presented.
Figure 5 shows that in the red part of
spectrum laboratory reference sample (N)
and commercial control sample (C) are
stable regardless of analysed ageing time.
Only in the blue part of the spectrum some
Acta Graphica Vol 30, No 1 (2019) 

Reflectance spectra in Figure 6 shows that
the highest reflectance value is obtained on
laboratory reference sample (N) in the blue
part of the spectrum before artificial ageing,
while with addition of wheat pulp in substrate
reflectance values decrease. After artificial
ageing treatment changes were noticeable
(ΔRmax(Np.m.unag.–Np.m.ag.48) = 8.82%). The result
values show that the highest degradation
occurs after first 48 hours of artificial ageing
for all magenta prints
(ΔRmax(1NWp.m.unag.–1NWp.m.ag.48) = 6.45%;
ΔRmax(2NWp.m.unag.–2NWp.m.ag.48) = 4.98%;
ΔRmax(1NWp.m.unag.–1NWp.m.ag.48) = 4.56%),
while reflectance values change slightly with
the second ageing treatment
(ΔRmax(1NWp.m.48–1NWp.m.ag.96) = 1.53%;
ΔRmax(2NWp.m.48.–2NWp.m.ag.96) = 1.39%;
ΔRmax(1NWp.m.48–1NWp.m.ag.96) = 1.56%),.
Figures 7-8 show the results of the reflectance
spectra measurements in the visible part of
the electromagnetic spectrum before (marked
as unag.) and after two artificial ageing
treatments (marked as ag.48 and ag. 96) for
printed substrates with black ink (marked as
p.k.).
Black prints on reference and control samples
made from recycled wood pulp (commercial
and laboratory) present the expected
reflectance curves where minor changes in
the reflectance values were obtained (Figure
7). The influence of artificial ageing on black
prints are negligible
(ΔRmax(Cp.k.unag.. – Cp.k.ag.96) = -0.64%;
ΔRmax(Np.k.unag.. – Np.k.ag.96) = -0.62%).
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Figure 7: The influence of ageing time on reflectance
spectra of control samples –commercial (C) and
laboratory (N) printed with black ink

Figure 8: The influence of ageing time on reflectance
spectra of black prints made on laboratory substrates
without (N) and with wheat pulp (1NW, 2NW, 3NW)

From Figure 8 the same behaviour is visible
on black prints made on substrates with wheat
pulp (1NW, 2NW, 3NW). All black prints are
extremely stable
(ΔRmax(1NWp.k.unag..–1NWp.k.ag.96) = 0,51%;
ΔRmax(2NWp.k.unag..–1NWp.k.ag.96) = 1.2%;
ΔRmax(3NWp.k.unag.. – 3NWp.k.ag.96) = 0.28%).

The first cycle of ageing treatment (48 hours)
has the highest impact on colorimetric values
(L*a*b*) of unprinted substrates and substrates
printed with magenta ink.
It is also visible that both magenta printed
samples (C, N) have shown the highest value
of Euclidean colour difference after 48 and 96
hours of artificial ageing, which the average
human eye could perceive as a great difference
in colour (ΔE00*>5).

3.2 Euclidean difference (ΔE00*) values
The highest colour difference is perceived on
the unprinted laboratory reference sample
made only from recycled wood pulp without
wheat pulp (N) after 48 and 96 hours of
artificial ageing, while laboratory substrates
with addition of wheat pulp from 10% to 30%
(1NW, 2NW, 3NW) show the lowest values of
Euclidean colour difference (Table 5).

The slightest colour changes are obtained on
all black prints on substrates with and without
wheat pulp after first and second cycle of
artificial ageing, which the average observer
could notice as a very small difference in
colour (ΔE00*<2).

Table 5: Euclidean colour difference (ΔE00*) between unaged and aged substrates (unprinted and printed)
Euclidean colour difference values (ΔE00*)
48 hours
Unprinted

22

96 hours
Printed

Magenta

Black

Unprinted

Printed
Magenta

Black

C

6.96

5.28

1.41

8.66

6.30

1.86

N

8.13

5.08

2.21

9.04

6.44

2.41

1NW

6.56

3.77

0.83

7.23

4.88

1.34

2NW

3.70

3.42

1.76

5.18

4.36

1.77

3NW

4.39

3.35

1.06

4.84

4.07

1.25
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Conclusions

The main goal of this research was to determine the influence of different proportions of
straw pulp in laboratory substrates printed by
digital UV inkjet printing technique on optical
stability during artificial ageing.
Considering all the results obtained, the
following could be concluded:
•	The highest colour degradation of prints
occurs in the first 48 hours of artificial
ageing for all samples.
•	Black ink provides prints with higher
optical stability regardless of the printing
substrate composition.
•	
Addition of wheat pulp in printing
substrate positively affects the optical
stability of all analysed digital printed
laboratory substrates.
The obtained results of the optical stability
of unprinted and printed substrates in this
research indicate that addition of wheat pulp
could additionally improve properties of paper
as a printing substrate.
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