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Abstract

The security and protection of printed products against counterfeiting have become more advanced
and increasingly used in the field of graphics technology. In this research, conventional process black
(PB) and UV luminescent (UVL) inks used in flexography, modified by nanoscale silicon dioxide
(8i0,), anatase and rutile titanium dioxide (TiO,), and zinc oxide (ZnO) at different concentrations
were used. The purpose of adding nanoparticles to these inks was to protect PB and observed UVL
inks from counterfeiting without significantly affecting the optical appearance and colourimetric
properties of the printed motives.

The results have shown that nanoparticles did not significantly affect the spectral reflectance of
UVL inks observed under UV irradiation or the visual effect of UV luminescence. In addition,
the nanoparticles had a negligible effect on the optical and colourimetric properties of PB inks, as
evidenced by a slight increase in colour lightness after the addition of nanoparticles. Indirect detection
of nanoparticles through their interaction with PB and UVL inks was possible through FTIR-ATR
spectroscopy, which showed changes in the spectra of PB and UVL inks with nanoparticles compared
to nanoparticle-free inks in the fingerprint region. This research opened the possibility of expanding
the use of nanoparticles of different types and concentrations for process, spot, luminescent and other
special and conventional inks in the field of graphic technology.
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1. INTRODUCTION

Fluorescent inks have the property of absorbing
radiation of a certain wavelength and re-

UV luminescent coatings can be applied
using various printing techniques: in the
form of a flexographic varnish, as a pigment
dispersed in a screen printing base and offset
printing [1, 2]. Flexographic printing, as a
conventional printing technique for the rapid
and mass production of a wide range of graphic
products [3, 4], can use a variety of printing
inks, including luminescent ones. Due to its
widespread use and multiple applications,
flexographic printing was the technique of
choice in this research.
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emitting photons of different wavelengths
[5-7]. Pigments with such a capability are
mainly based on inorganic luminescent
substances and may differ in their chemical
structure depending on the application.
Special effect inks, especially the ones with
luminescence phenomenon, are often used in
the packaging industry for printing control
labels, security printing, for UV sensors, etc.
[8-12]. Conventional process inks (cyan,
magenta, yellow and black), on the other
hand, are not usually used as security features
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for prints. Their use and certain properties of
the printed elements are standardized, and by
changing their composition the impact of their
colourimetric, surface and other properties of
the print should be precisely evaluated.

Previously published studies have investigated
the advantages and disadvantages of coatings/
inks containing nanomaterials. Nanoparticles
that are of great interest to the paint and ink
industry and various related applications are
silicon dioxide (SiO,), titanium dioxide (TiO,)
and zinc oxide (ZnO) [13-16]. The potential
benefits of coatings with nanoparticles
vary. Some of them give the coating better
antibacterial, fire and scratch-resistant
properties, can provide better UV protection
and hydrophobicity, and offer anti-corrosion
properties and other functionalities. The
numerous applications of these nanoparticles
in graphic technology research include control
of ink rheological properties, mechanical
protection of the paint/ink layer, improvement
of colourimetric properties after ageing, etc.
[17-21].

The aim of this research was to secure
the process of black and UV luminescent
inks against counterfeiting. The different
concentrations of nanoparticles of silicon
dioxide (SiO,), titanium dioxide (TiO,) and
zinc oxide (ZnO) were added to the base ink
to determine their influence on the optical and
colourimetric properties of the prints.

2. MATERIALS AND METHODS
2.1. Materials and sample preparation

Melinex printing substrate — polyester (PE)
foil with a thickness of 105 um was used in
this research. The inks used were SunChemical
UV-curable process black (PB) ink and UV
luminescent ink “Vernis UV VFB740” (UVL),
which is invisible in daylight and reflects
blue colour under UV radiation. Nanoscale

hydrophilic SiO, (Aerosil 200), anatase TiO,,
rutile TiO, and ZnO at different concentrations
were added to the inks (Table 1). The mass
concentrations of the added nanoparticles were
1% and 2% (Figure 1).

Figure 1. Samples of prepared UV luminescent inks

under UV radiation source, from left to right: UVL ink

without the nanoparticles, UVL + 2% TiO, (A), UVL +
2%Ti0, (R), UVL + 2% ZnO, UVL + 2% SiO,

Prior to printing, the Melinex printing
substrate was cut to 5x70 cm for each sample
and conditioned to 55 + 5% relative humidity
and 23 + 1 "C. The modified inks were
prepared by adding four types of nanoparticles

Table 1. Specification of the used nanoparticles

Type of Name CAS number Average nanoparticle Weight (%)
nanoparticle size (nm)

Sio, Aerosil 200 112945-52-5 12 >99.8

TiO, (A) Titanium (IV) oxide, anatase 1317-70-0 15 99.7

TiO, (R) Titanium (IV) oxide, rutile 13463-67-7 <100 99.5

ZnO Zinc oxide 1314-13-2 40-100 >95
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to the PB and UVL inks. Nanosized particles
of silicon dioxide (SiO,), anatase (TiO, (A))
titanium dioxide, rutile (TiO, (R)) titanium
dioxide and zinc oxide (ZnO) were added
into the ink at concentrations of 1% and 2%.
The nanoparticles were mixed into the inks
by homogenization with a UP100H Hielscher
device for 2 minutes at 100% amplitude of the
device.

The printing process was carried out with the
IGT Printability Tester F1 in the laboratory, at
a relative humidity of 55% and 23 °C. PB and
UVL inks were printed in full-tones. An anilox
roller with 90 /cm and 18 ml/m? was used.
The printing plate used was Flint’s NEXT plate.
During the printing process, the pressure was
set to 300 N. Four prints were made with each
printing ink modification, with the first print of
each series discarded due to the different initial
interaction between the cleaned and dried
flexographic printing plate and the ink.

After the printing process, the samples were
cured in a UV dryer (Technigraf Aktiprint
L 10-1), in two passes, at a speed of 4 m/s.
After stabilizing the prints for 24 hours, all
measurement and analysis methods were
performed.

2.2. Measurement and analysis methods

The thickness of the prints was measured
with a SaluTron D4-Fe device. It works on the
magnetic induction principle and can be used
for measuring the thickness of layers on non-
magnetic surfaces. The accuracy of the device
is £ (1.5 pm + 2%). Obtained results were used
to determine the influence of layer thickness
on the optical and colourimetric properties of
the prints.

The spectral reflectance of the UV luminescent
ink layers on the melinex substrate was
measured with a spectrometer (Ocean Optics
USB 2000+) and a deuterium-tungsten halogen
(DH-2000) UV radiation source, in the range
between 350 and 650 nm.
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The microscopic images of the UVL prints
were obtained wusing Olympus BX 51
microscope. The images of the UVL and prints
were captured by observing the samples under
a UV source and were used to visually compare
the effects of UV luminescence after adding of
different nanoparticles to the ink. All images
were captured under 50x magnification.

Spectro-densitometer Techkon SpectroDens
B703902 was used for measuring the CIE
L*a*b* colourimetric values and the optical
density of the PB prints. The measurements
were performed 10 times on each sample
at different positions. The measurement
conditions were as follows: radiation source
D50, standard observer 29, filter M1.

FTIR-ATR spectroscopy was used to identify
the presence of functional groups of interest
in the printed layers with UVL and PB inks.
In this research, FTIR-ATR spectroscopy was
specifically used to detect changes in the UVL
and PB ink layers after the addition of various
nanoparticles to provide additional protection
against counterfeiting. Indeed, both PB and
UVL inks can be purchased without special
permits, so replication of the product becomes
possible for a potential counterfeiter. UVL inks
themselves provide the security protection
of prints as they are invisible in the daylight,
but if the counterfeiter knows that the UVL
ink is present on the print, counterfeiting
becomes possible. PB ink, the conventional
ink used in flexographic printing, is certainly
easily available. The nanoparticles used
in this research were not detected directly
by FTIR-ATR spectroscopy, especially at
low concentrations, but indirectly and by
interaction with inks after the UV curing
process or by changes in the bands/peaks in the
area of the “fingerprint”. In this way, additional
protection of the inks was made possible by
modification with nanoparticles, which can
be detected by forensic analysis. FTIR-ATR
analysis was performed using a Shimadzu
IRAffinity-1 FTIR spectrophotometer
(Shimadzu Corporation, Kyoto, Japan) with 15
scans per sample.
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3. RESULTS AND DISCUSSION

3.1. Thickness of the printed UVL and PB
layers

The results of the thickness measurements
of UV luminescent and PB printed layers are
shown in Table 2. The thickness of the printed
layers of UV luminescent ink and PB inks
was measured to define the possible changes
that could affect the optical appearance and
colourimetric properties of the printed
samples produced with modified inks. The
results presented in Table 2 indicate that most
of the changes in the thickness of the printed
modified inks are barely detectable compared
to the unmodified ones and can be connected
to the measurement error itself.

Furthermore, by the addition of SiO,
nanoparticles to the PB ink the measured
thickness of the ink is approximately the same
as for the unmodified ink. Speaking generally,
the nanoscale particles reduce the thickness
of the printed ink layer slightly compared to
the unmodified samples of UVL and PB inks.
Specifically, the results show that the thickness
of the printed ink modified with the addition of
ZnO nanoparticles is the lowest in comparison

to the other samples, which could be related
to the influence of nano-ZnO on observed
inks in terms of reducing their viscosity. In the
continuation of this research, it will be seen that
these changes in thickness did not affect the
optical density of the PB prints (Table 3), and
the changes in lightness were small (Figure 5).
For the UVL ink, the addition of nanoparticles
resulted in a slight decrease in the percentage
of reflectance in the range between 425 and 475
nm, but this effect was not visible during visual
inspection (Figure 4).

3.2. Optical and colourimetric properties
of the printed UVL and PB ink layers

3.2.1. Spectral reflectance of UVL layers

Figure 2 shows the spectral reflectance of the
Melinex polyester substrate and the UVL ink
without the addition of nanoparticles. It can
be seen that the spectral reflectance of the
substrate differs from the spectral reflectance
of the UVL print, especially in the range
below 500 nm. UVL print is therefore the
first protection against counterfeiting if the
counterfeiter does not know that the print is
protected by UVL ink.

Table 2. The thickness of the printed UVL and PB inks

Sample Ink layer thickness (um) | Sample Ink layer thickness (um)
UVL ink 7.60 = 1.65 PB ink 8.75+1.48

UVL + 1% SiO, 7.10 £ 1.37 PB + 1% SiO, 8.00 +1.87

UVL + 2% SiO, 7.70 £ 1.42 PB + 2% SiO, 8.57 +1.27

UVL + 1% TiO, (R) 7.30 + 1.49 PB + 1% TiO, (R) 7.60 + 0.51

UVL + 2% TiO, (R) 7.20 + 1.81 PB + 2% TiO, (R) 7.22+1.92

UVL + 1% TiO, (A) 7.00 + 1.77 PB + 1% TiO, (A) 7.00 + 1.82

UVL + 1% TiO, (A) 7.13 £ 1.64 PB + 1% TiO, (A) 7.11 £ 1.96

UVL + 1% ZnO 590+1.28 PB + 1% ZnO 6.30 + 1.64

UVL + 2% ZnO 6.50 +1.72 PB + 2% ZnO 6.13 +1.35
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Figure 2. Spectral reflectance of Melinex substrate and UVL print without nanoparticles

The next four diagrams (Figure 3. a-d) show was to show whether the addition of the
the reflectance spectra of UVL inks with the nanoparticles affects the change in reflectance
addition of various nanoparticles compared to of the basic UVL ink such that the visibility of
the UVL ink spectra without the nanoparticles. the luminescence effect under UV radiation is
The aim of measuring the spectral reflectance reduced or shifted to certain wavelengths.
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Figure 3. Comparison of the spectral reflectance of the UVL ink layer without the nanoparticles and:
a) Si0,, b) rutile TiO,, c) anatase TiO,, d) ZnO
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a) b)
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d) e)

Figure 4. Microscopic images of printed UVL inks on the substrate under UV radiation source
and 50x magnification: a) UVL ink - without nanoparticles, b) UVL + 2% SiO,, c) UVL + 2% TiO, (R),
d) UVL +2%TiO, (A), €) UVL + 2% ZnO

The results of spectral reflectance presented in
Figure 3 show a small, insignificant decrease
in UVL ink reflectance with the addition of
nanoscale SiO,, rutile TiO,, anatase TiO, and
ZnO in the range from 425 nm to 475 nm
compared to the basic UV luminescent ink.
In this range, the blue UV luminescent colour
is visible under UV radiation. However, the
influence of the nanoparticles on the spectral
reflectance of the UVL ink is negligible, so
it can be assumed that they do not affect the
visual effect of the UVL ink. Furthermore, it is
not possible to determine the presence of the
1% and 2% concentrations of nanoparticles
in the basic UV luminescent ink from these
reflection spectra.

In Figure 4 one can see microscopic images
of the surfaces of the printed UV luminescent
inks, viewer exposed to UV radiation source
to stress the luminescence effect. These
images confirm the observation that the
nanoscale particles do not cause any changes
in the visual effect of luminescence. There is no
significant difference in the luminescence effect
of the modified UVL inks with nanoparticles
compared to the basic UVL ink to the naked eye.

3.2.2. Colorimetric properties and optical
density of PB prints

Figure 5 shows the lightness (L*) of unmodified
and modified printed PB inks. When measuring
the colourimetric coordinates CIE L*a*b*,

the results showed an increase in lightness
for all PB prints made with the nanoparticle-
modified inks compared to the nanoparticle-
free prints. The highest measured lightness was
observed for PB ink with the addition of SiO,
nanoparticles and 2% ZnO. These results need
to be particularly considered when adding the
nanoscale particles to the ink.
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Figure 5. Lightness (L*) of printed PB inks without
and with nanoparticles

Furthermore, when observing the range of
measured lightness values (L*) and the standard
deviation of these results for the observed
PB ink, it can be said that by increasing the
concentration of all nanoscale particles from
1% to 2% the lightness of the prints was not
significantly changed.
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Figure 6. CIE a*/b* diagram of printed PB inks without and with nanoparticles

In the CIE a*/b* diagram, visible in Figure
6, one can see that the addition of SiO,
nanoparticles to the PB ink had the least effect
on changing the a* and b* coordinates. The
largest deviations along the a* and b* axes were
observed after the addition of 2% TiO, (A) to
the PB ink. One can say that the addition of
1% and 2% of TiO, (A) and ZnO nanoparticles
cause a color shifts of prints in blue (-b*) and
green (-a*) directions. The addition of TiO, (R)
nanoparticles causes colour shifts in the blue
(-b*) direction.

The changes observed in Figure 6 are small but
generally most pronounced when 2% of the
TiO, (R) and ZnO nanoparticles and 1% TiO,
(A) are added to the PB ink. However, when
modifying some other process or spot inks, it
is certainly advisable to perform colourimetric
measurements and determine whether the
nanoparticles do cause the changes in the
L*a*b* colour values of the printed layers.

Table 3. presents the results of the optical
density (D) values measured on all printed
samples produced with unmodified and
modified PB inks. From the presented results
it can be seen that the addition of nanoparticles
has no or negligible effect on the optical density
of PB prints. The lowest optical density was
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measured for prints with an addition of 2%
TiO, (A), but the standard deviation is the
highest for this sample.

Table 3. The optical density of printed PB ink layers

Sample Optical density (1)
PB ink 2.77 £0.03
PB + 1% SiO, 2.81+£0.03
PB + 2% SiO, 2.82 +0.02
PB + 1% TiO, (R) 2.79 £ 0.06
PB + 2% TiO, (R) 2.78 + 0.01
PB + 1% TiO, (A) 2.76 £0.02
PB + 2% TiO, (A) 2.71+0.10
PB + 1% ZnO 2.80 £ 0.04
PB + 2% ZnO 2.80 £ 0.05

One can state with certainty that increasing the
concentration of the individual nanoparticles
from 1% to 2% does not affect the change in
optical density. It can also be concluded that
none of the nanoparticles were used to reduce
the optical density of the PB ink on the prints,
which is very important for maintaining the
print quality.
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In conclusion, based on all presented results
that correspond to the optical changes and
colourimetric properties of the UVL and
PB prints and the nanoparticles used in
this research, it is possible to say that no
significant deviation in observed properties
was detected. The most significant change
was observed in the increase in the lightness
of the modified PB inks compared to the
unmodified ink; and in the greater distances
of the a* and b* coordinates of the modified
PB inks with 2% nanoparticles from the values
of the unmodified PB ink. However, these
differences are negligible. Accordingly, one can
conclude that the nanoparticles can be added to
commercial UVL and PB printing inks without
fear of compromising the important optical
and colourimetric properties of the printed
samples.

3.3. Results of the FTIR-ATR spectroscopy
of the UVL and PB layers

In the FTIR-ATR spectra of the UVL inks
(Figure 7), the peaks/bands of each UVL ink
spectrum with nanoparticles are indicated
where the change in relative absorption or
wavenumber is present compared to the
FTIR-ATR spectrum of the UVL ink without
nanoparticles.

—— Substrate
—UuvL
——UVL +2% SiO,
——UVL +2% TiO, (A)
——UVL +2% TiO, (R)
——UVL +2% ZnO

Subtle changes in the spectra after the addition
of the nanoparticles are visible in the labelled
bands/peak regions. Therefore, indirect
detection of nanoparticles in UVL ink is
possible by FTIR-ATR spectroscopy.

Figures 7 and 8 show the FTIR-ATR spectra
of the substrate and inks with 2% of added
nanoparticles since the changes in the FTIR-
ATR spectra are more pronounced compared

to the changes when 1% of nanoparticles were
added to the inks.

The intensity band at 1082 cm' changes
noticeably compared to the adjacent band at
1059 cm! only for the ink with the addition
of SiO,. It represents the vibrations of the
carbonyl group (C=0O) from urethane as
a component of the UV luminescent ink
published previously in [22, 23]. A decrease in
its relative intensity could indicate the changes
in the UV luminescent print due to the addition
of §iO, nanoparticles.

The peak at 638 cm™! has reduced absorbance
for all nanoparticle-modified inks compared to
the same peak for nanoparticle-free ink. This
peak is in the lower wavenumber area of the
fingerprint region (the region between 400 cm!
and 1500 cm™). By observing and comparing
this part of the FTIR-ATR spectrum of different
samples, it can be stated with complete

Absorbance (relative)

A 638

VAN

Il N A ‘
[ A 1082 AL

N A Souy N i A

Lo e

T T 7 T T T 7 T T 1
3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

Figure 7. FTIR-ATR spectra of the printing substrate and the printed UVL inks
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Table 4. Integration results and the ratio of the areas under peaks at 1724 cm™ and 638 cm™ for UVL inks

Ink The area under peak at The area under peak at 638 | A/B
1724 cm! (A) cm’! (B)

UVL 10.12 0.42 24.09

PB + 2% SiO, 9.63 0.06 160.05

PB + 2% TiO, (R) 10.52 0.07 150.29

PB + 2% TiO, (A) 9.96 0.06 166.00

PB + 2% ZnO 9.65 0.06 160.83

certainty whether the samples are of the same
composition or not. To quantify the decrease
in the absorption of the peak at 638 cm!, the
baseline-corrected areas under the peak at 1724
cm! and the peak at 638 cm™! were calculated
and compared. The results are presented in
Table 4.

From the results presented in Table 4, it is
clearly visible that the A/B ratio for the UVL
ink without the nanoparticles is significantly
lower than for the modified UVL inks.

Thus, analysis of FTIR-ATR spectra of UVL
inks with the addition of the nanoparticles
makes it possible to detect differences in the
sample spectra, enabling a new level of UVL
ink protection against counterfeiting.

The changes in the FTIR-ATR spectra after
the addition of nanoparticles to PB inks are

Substrate

4 —FPB

——PB +2% Si0,
PB + 2% TiO, (A)
——PB+2%TiO, (R)
PB +2% ZnO

Absorbance (relative)
1

1T

visible in the band between 954 and 1028
cm’!, as shown in Figure 8. This part of the
spectrum lies in the fingerprint region. The
peak at 811 cm™! is characteristic of acrylates
[24], and changes detected in the 954 and 1020
cm! regions are visible in the spectra of the
modified PB inks compared to the basic PB ink.

In particular, the addition of nano-anatase
and nano-rutile TiO, and ZnO nanoparticles
in the PB inks shifts the band in the range of
954 to 975 cm’!. The addition of SiO, cause a
decrease in the absorption compared to the
same band of PB ink without the addition of
nanoparticles. The band visible at 1020 cm!
corresponds to the pure PB ink and the PB ink
with the addition of SiO, that shifts to 1028
cm! after the addition of both types of TiO,
and ZnO nanoparticles. It can be said that if all
the components of the ink are known precisely,
it is easy to detect differences in the FTIR-ATR

10*28 975 811

1028 975 811
v/

/w

PN .
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“‘ \\w‘/\f\‘

./—%/_,\—”_‘—N“
/JFJ/%;/;
-m

L L R B
3600 3200 2800 2400

T T T T T
2000 1600 1200 800

Wavenumber (cm™)

Figure 8. FTIR-ATR spectra of the printed PB inks
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spectra from the fingerprint region and thus
recognize that the ink has been modified by the
nanoparticles.

FTIR-ATR spectroscopy can therefore be used
as a method to detect intentionally altered ink
to protect against counterfeiting. Although the
nanoparticles could also be detected directly
with other analytical methods such as EDS
spectroscopy [25], the costs and the complex
preparation of the samples speak in favour of
using FTIR-ATR spectroscopy.

4. CONCLUSION

The development of graphic technology has
enabled the application of added value and
protection to various printed products. In this
research, the addition of different types and
concentrations of nanoparticles to commercial
UV-curable process black (PB) and security
UV luminescent (UVL) inks was intended
to provide prints with additional protection
against counterfeiting. This was achieved by
indirectly detecting the nanoparticles added to
the inks using FTIR-ATR spectroscopy. It was
of high significance that the nanoparticles did
not affect the quality of the prints.

Nanoparticles of silica SiO,, anatase TiO,,
rutile TiO, and ZnO were added to the inks in
concentrations of 1 and 2%. The measurement
results and further analyses showed that, with
the exception of ZnO, the nanoparticles did

not significantly affect the thickness of the
printed PB and UVL ink layers. The printed
ink layer modified with the addition of ZnO
nanoparticles has the lowest thickness value,
which could be related to their influence of on
the viscosity of the inks.

In addition to that, the presence of nanoparticles
used in this research did not have any significant
influence on the spectral reflectance of the
UVL inks under or the visual phenomenon
of UV luminescence. The influence of the
nanoparticles could not be seen with the naked
eye. Furthermore, the nanoparticles had a
negligible effect on the optical changes and
colourimetric properties of the PB ink.

Additional and, indirect detection of
nanoparticles through their influence on
chemical bonds and groups in printed inks
was possible with FTIR-ATR spectroscopy,
which proved the changes in the spectra of
both, PB and UVL inks, with the addition of
nanoparticles compared to samples without
added nanoparticles in the fingerprint region.

The scientific contribution of this research is
visible in the possibility of further protecting
printed products from forgery while preserving
their quality by not affecting their colourimetric
and optical properties. In conclusion, this
research opens up the possibility of additional
application of nanoparticles, specifically in the
area of spot, luminescent and other special and
conventional inks used in graphic technology.
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