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Abstract In this study, biodegradability aspects of
UV thermochromic leuco dye print on three different
paper materials (synthetic, recycled, and bulky) were
studied using the soil burial test under anaerobic
conditions. Biodegradation of UV curable ther-
mochromic prints were evaluated for changes by
visual examination, microbial growth assay, weight
loss measurements, Fourier transform infrared spec-
troscopy, scanning electron microscopy and colori-
metric measurements. Results showed a better
absorption of ink into the bulky paper structure,
followed by recycled paper. Synthetic paper is not
absorbent. The ink binder altogether with classic
pigment and microcapsules penetrates into the struc-
ture of bulky paper. Recycled paper absorbs ink binder
mostly with classic pigment. Better adsorption of
binder into the bulky paper structure results in thinner
layer of ink binder on the paper surface. On non-
absorbent synthetic paper, microcapsules are covered
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with thicker layer of ink binder. In the case of bulky
paper, the highest rate of biodegradation was
observed, resulting in a higher number of bacteria,
higher weight loss, higher changes in colour (destruc-
tion of almost all microcapsules) and almost complete
reduction in thermochromic effect of the prints.
Results show that microcapsules, which penetrate into
the structure of bulky paper, are promoting the rate of
bulky paper biodegradation. The opposite behaviour
was noticed for the penetration of classic pigment into
the structure of recycled paper, which resulted in
remarkable reduction of recycled paper biodegrada-
tion rate. The thicker layer of ink binder (containing
classic pigment) on the surface of microcapsules on
recycled paper resulted in slower rate of microcap-
sules degradation and smaller colour change of the
print. The thickest layer of ink binder and classic
pigment on synthetic paper surface causes the slowest
rate of biodegradation of print.

Keywords Thermochromic ink - Paper ink
interactions - Biodegradation - Bacteria - SEM - FTIR

Introduction
Printing inks are coloured complex mixtures, liquids

or pastes, mostly consisting of colorant (pigments or
dyes), binder (resins), solvent (organic or water based)
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and additives (chelating agents, anti-oxidants, surfac-
tants, biocides, etc.). Their composition and physical
properties differ mostly due to printing processes for
which they are intended. When it is applied to
substrate, the ink must be converted to solid state.
The binder dries and binds the colorants to the
substrate. The drying of printing inks must be achieved
as quickly as possible and it can be performed by
physical (evaporation) and chemical (oxidation, radi-
ation-induced curing) means or a combination of both
(Leach 2007). Radiation-induced drying includes
ultraviolet radiation, infrared, electron beam, micro-
wave and radio frequency. The volatile organic
compounds (VOC) evaporation from solvent based
inks and their emission into the atmosphere during
printing can be avoided by the use of water based and
UV-cured inks. Besides better environmental aspects,
the UV curable printing inks are especially suited for
printing on non-absorbent surfaces due to quick drying
(Robert 2015). Radiation curing inks are formulated as
other inks, consisting of pigments, binder, solvent and
additives. In UV curable printing inks the binders are
generally acrylates (epoxy, polyurethane and polye-
ster acrylates). The solvents in these systems are low-
viscosity monomers while the additives can be waxes,
surfactants, photoinitiators (e.g. benzophenone) and
photoactivators (e.g. amines), inhibitors and in some
cases additives to improve printability. Photoinitiators
are required in order to achieve solid state of ink after
printing, in the presence of UV light by free radical,
cationic or hybrid reaction (Leach 2007). The UV
curable printing inks have some drawbacks such as
contamination of packaging by reactive diluents and
photoinitiators which remain in the ink after printing
(Robert 2015), as well as problems during recycling of
paper (Carré et al. 2005).

In the last decade, there is an increasing demand for
inks in packaging resulting in the growing of the
printing ink market by 3% per year which leads to an
increasing demand for traditional as well as new
printing inks (Robert 2015). Recently, smart poly-
mers, such as thermochromic printing inks can be
found for application in different products.

Thermochromic printing inks change their colour
by the heat. Commercially available thermochromic
printing inks instead of classic pigments contain
microencapsulated leuco dye—developer—solvent sys-
tems (Tang and Stylios 2006; Seeboth and Lotzsch
2013). The microencapsulated thermochromic
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pigments usually have medium particle size of a few
micrometres, which is about ten times larger than the
particle size of conventional pigment particles (See-
both and Lotzsch 2013). The thermochromic effect is
caused by the formation of leuco dye—developer
complexes in a reversible equilibrium redox reaction
between leuco dye and developer (Seeboth et al.
2007). The reaction is triggered by interactions
between the complex and the solvent during the
melting or crystallization process. Leuco dye—devel-
oper—solvent systems are coloured in the solid state
and transform on heating above the solvent melting
temperature (activation temperature TA) into a
colourless liquid (Homola 2008). The most widely
used system for microencapsulation of thermochromic
inks involves urea-formaldehyde, melamine-
formaldehyde, gelatine—gum arabic and epoxy resins
(Aitken et al. 1996; Fujinami 1996; Seeboth and
Lotzsch 2008). Melamine-formaldehyde resins are
biodegradable and during biodegradation can act as
carbon and nitrogen sources (El-Sayed et al. 2006).

In order to reduce the generation of municipal solid
waste on landfills, different material recycling poten-
tials for paper-based products have been purposed
during last decade. Material recycling by flotation
deinking is the most studied method for graphic
papers, purposed for production of recycled fibres.
Sometimes, this method is not suitable. For example
for products contaminated with food (Monte et al.
2009). Besides this problems, some problems related
to health safety of recycled paper due to residual
printing inks in recycled pulp are of major concerns
(Pivnenko et al. 2015). In order to avoid these
problems, potentials of organic recycling should also
be examined for new materials that can be found on
the market. UV inks are generally known to cause
problems during paper recycling resulting in residual
ink in recycled pulp. The use of thermochromic
printing inks is growing and they are being used for
different applications, due to their attractive visual
effects.

Biodegradability aspect of paper and paper based
products was the subject of many studies (Venelampi
et al. 2003; Lopez Alvarez et al. 2009; De la Cruz et al.
2014; Wang et al. 2015). However, there is lack of
knowledge about the biodegradation of printing inks
and their influence on paper based products biodegra-
dation. In some studies the printing inks are only
referred to only as the toxic components (Lopez
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Alvarez et al. 2009; Hermann et al. 2011). Stinson and
Ham (1995) studied a decomposition of printed and
unprinted newspaper and based on the generated
amount of methane the obtained results indicate that
the printing ink did not inhibit the amount or affect the
rate of methane production from cellulose in
newspaper.

Studies of vegetable based polymers and binders
biodegradation, which are commonly used in printing
inks, have been investigated by few researches (Erhan
and Bagby 1995; Erhan et al. 1997; Shogren et al.
2004) and also there are few available data on
biodegradation of printed polymer films in which the
reduction of biodegradation rate was noticed for
printed samples (Hoshino et al. 2003; Bardi et al.
2014).

Our previous research has shown that biodegrada-
tion of thermochromic offset prints which dries by
oxypolymerization of vegetable oil depends mostly
upon physico-chemical properties of used paper
substrates and absorption of ink binder into the paper
structure (Vukoje et al. 2017).

Since several studies (Erhan and Bagby 1995;
Erhan et al. 1997; Shogren et al. 2004) showed that
differences in biodegradation of printing inks binders
depends even upon small changes in their chemical
composition, our goal was to investigate the differ-
ences in biodegradation of UV curable prints since
they have different composition compared to offset
prints.

Materials and methods
Printing substrate and printing ink

Three different paper substrates (synthetic, 33%
recycled, and bulky), unprinted and printed with
screen thermochromic ink were exposed to anaerobic
soil conditions. Synthetic paper (Yupo, 73 g/m?®)
extruded from polypropylene pellets, recycled paper
(Mondi, 80 g/m?) containing 33% of recycled cellu-
lose fibres and bulky paper (Munken Print White,
80 g/m?) containing wood free pulp and more than
10% mechanical wood pulp, were used. These papers
were selected due to their different chemical compo-
sition and absorption capacity.

For the printing of paper samples one leuco dye
based, UV curable screen printing thermochromic ink

was used (Chromatic Technologies, Inc.). The activa-
tion temperature of thermochromic ink is 31 °C.
Below its activation temperature, the thermochromic
UV curable screen print (hereinafter UV print) was
coloured in purple and above its activation tempera-
ture the print was coloured in pink. The printing ink
was screen printed using the screen printing device
(Holzschuher K.G., Wuppertal) employing 60/64
mesh. All the samples were printed in the full tone.
The printed samples were dried under the UV
irradiance (30 W/cm) using Technigraf Aktiprint L
10-1 device.

Air permeance (porosity) of paper samples

The air permeance (porosity) measurements were
conducted using Frank Bendtsen Roughness Tester
device according to the ISO 5636/3 standard method
(Thompson 2004). Average values of ten measure-
ments are presented as mean £ SD.

Determination of paper and print thickness

Thickness of unprinted paper samples was determined
according to ISO 534:2005 standard using Enrico
Toniolo DGTB001 Thickness Gauge. Print thickness
values were obtained by subtracting the measured
values of the thickness of unprinted paper from the
measured values of thickness of paper with print.
Average values of twenty measurements are presented
as mean + SD.

Soil burial experiments

Laboratory soil burial experiments were conducted at
room temperature 25 £ 2 °C by placing the unprinted
and printed papers horizontally in the forest field soils
(containing humus) in glass containers. They were
buried for 50 and 180 days, two samples of each. The
water content of the soil was adjusted to 40% of its
maximum water retention capacity. The commercial
available reagent Anaerocult A (Merck) was used in
order to allow the development of anaerobic
conditions.

Scanning electron microscopy

The printed thermochromic surface before and after
180 days of biodegradation was monitored using a FE-
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SEM Jeol 7000 field emission scanning electron
microscope. The micrographs were taken under a
magnification of 1000x and 5000x.

Optical microscopy

Microscopic image of thermochromic ink was taken
using Olympus BX51 System Microscope under a
magnification of 2000x.

Visual evaluation

A method of visual evaluation can be used in order to
describe biodegradation as a first indication of micro-
bial activity in the terms of visible surface changes
such as formation of holes or cracks, de-fragmentation
or changes in colour but it does not prove the existence
of biodegradation process in terms of metabolism
(Shah et al. 2008). Paper samples were taken out from
the containers in sampling times and photos of them
were made in order to visually evaluate the prints
degradation over time. All the images were taken
using Huawei camera under the same lighting condi-
tions (resolution 3968 x 2976, CMOS BSI sensor,
/2.2, with a camera stand).

Fourier transform infrared (FTIR) spectroscopy

Infrared spectra in transmission and attenuated total
reflectance (ATR) mode were measured using a
Bruker Equinox 55 interferometer. The transmission
IR spectra of the UV thermochromic printing ink were
obtained at 25 and 50 °C from the sample smeared in a
thin layer on the surface of the KBr pellet. For the
temperature dependent measurements a Bruker heat-
ing device Eurotherm 2216e was used. The IR spectra
were recorded in the spectral range between 4000 and
400 cm ™' at 4 cm ™' resolution and averaged over 32
scans. The baseline was corrected in the final
spectrum. The ATR spectra of the paper samples,
unprinted as well as printed with the ink before and
after the soil burial, were measured using the PIKE
MIRacle ATR sampling accessory with a diamond/
ZnSe crystal plate. The spectra were taken in the single
reflection mode, over the spectral range
4000-600 cm™" at 4 cm™"' resolution. Thirty two
scans were averaged for the final spectrum, which was
afterwards corrected using the ATR correction func-
tion within the OPUS 6.0 program. Each ATR
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spectrum shown in figures is the average of three
ATR spectra acquired per a sample.

Microbial growth assay

Number of viable bacteria on studied paper samples
and corresponding soil was determined after 180 days
of soil burial experiments. Paper samples were gently
rinsed with sterile distilled water, placed into 9 mL of
sterile saline, macerated and vortexed prior to decimal
dilution in sterile saline. Number of both facultatively
anaerobic and obligately anaerobic bacteria was
determined on Nutrient agar (Biolife) after incubation
at 22 °C/3 days in aerobic and anaerobic (Anaerocult
A, Merck) atmosphere, respectively. Number of viable
bacteria was expressed as log CFU (colony forming
units) per 1 g of paper sample or wet soil.

Weight loss measurement

Samples degradation was monitored by measuring the
weight of paper samples and prints before and after
incubation in the soil containers. The samples were
taken out and rinsed with distilled water to remove soil
particles from the surface. Then they were dried to
constant weight and weighed. The weight loss per-
centage (w) was calculated according to Eq. (1):

my —m

w=—2""1%100/(%) (1)
mgo

where my is the initial weight of the sample, m, is the

final weight of the sample after degradation.

Colour measurement

Colorimetric properties of printed samples before and
after biodegradation were measured using the Ocean
Optics USB2000+ spectrophotometer and Ocean
Optics SpectraSuite software for the calculation of
the CIELAB values L* a*, b* from measured
reflectance in the entire spectral range (380-730 nm
in 1 nm steps). The D50 illuminant and 2° standard
observer were applied in these calculations. All the
samples were thermostated by the Full Cover water
block (EK Water Blocks, EKWB, Slovenia). The
temperature of the copper plate surface was varied by
circulation of thermostatically controlled water in
channels inside the water block, which was assured to
be up to 1 °C accurate in the applied temperature
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region. All the samples were heated (cooled) and
measured at seven different temperatures: 15, 20, 25,
31, 35, 40 and 42 °C.

Results and discussion

Determination of air permeance of tested samples
and increase in thickness due to UV print

Table 1 shows the air permeance of the paper samples
and increase in thickness of the samples due to UV
print. Results show that synthetic paper is not
absorbent (air permeance is 0 pm/Pas), unlike recy-
cled and bulky paper. Bulky paper shows the highest
values of air permeance (almost 2 times higher
compared to recycled paper). Application of UV
printing ink onto the surface of recycled and bulky
paper completely reduces theirs air permeance. The
increase in thickness of printed bulky paper is the
smallest while for synthetic paper is the highest. The
measured values of thickness increase due to UV print
presented in Table 1 may suggest that different ink
amount was applied on papers, but since printing was
carried out under the same conditions, these values are
result of different ink absorption into the paper
structure resulting from physico-chemical composi-
tion of paper substrates.

FTIR spectroscopy of thermochromic ink
and papers

Figure 1 shows the FTIR spectra of the UV ther-
mochromic ink measured in transmission mode at 25
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Fig. 1 FTIR spectra of the UV thermochromic ink at 25 and
50 °C, measured in transmission mode

and 50 °C, that is below and above its activation
temperature. Even though temperature dependent
measurements were accompanied by the thermally
induced change in the sample colour, significant
changes in the IR spectrum of the UV curable
thermochromic ink upon heating were not observed.
An exception was a weak band at 1382 cm ™', obtained
in the spectrum at the lower temperature and assigned
to CH bending vibrations of CH, and CHj; groups,
which was missing from the spectrum acquired at the
higher temperature due to physical changes such as
melting occurring during heating (Fig. 1 inset). Few
studies showed that IR spectral changes obtained
during heating of the thermochromic composites
indicated changes in the molecular structure of the
components responsible for the colour change (Hajzeri

Table 1 Air permeance of the samples, increase in thickness of the samples due to UV print and mass ratio of ink to paper

Sample Air permeance/ Thickness of the paper/ Increase in thickness due to UV Mass ratio ink to
(pm/Pas) (um) print/(pm) paper/(%)
Synthetic paper 0.0 £ 0.0 96 + 1 -
Synthetic paper-UV 0.0 £ 0.0 - 13+£1 25.2
print
Recycled paper 6.99 £+ 0.25 108 + 1 -
Recycled paper-UV 0.0 £ 0.0 - 7+1 25.1
print
Bulky paper 13.66 £ 0.90 125 £ 1 -
Bulky paper-UV 0.0 £ 0.0 5+1 253

print
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et al. 2015; Raditoiu et al. 2016; Panak et al. 2017).
The changes occurring during heating of the ther-
mochromic system composed of a leuco dye, corre-
sponding to the symmetric and asymmetric stretching
vibrations of COO™ groups which disappear by
heating, while the C=0 band, characteristic of the
colourless lactone form, appears. However, in our
case, these changes were not present. Given the
similarity between the spectra obtained at both
temperatures (Fig. 1), the observed vibrational bands
most likely originated from the thermochromic ink
resin, and were not the result of the vibrational modes
of the thermochromic composites within the micro-
capsules present in a significantly smaller amount. In
addition, due to coverage of microcapsules with
polymer resin, the vibrational bands of microcapsules
wall material are probably covered and overlapped
with vibrational bands of polymer resin that is present
in higher amount.

All typical vibrational bands of polyurethane, such
as the bands at 3385 cm™! (NH stretching),
2955-2855 cm ™' (symmetric and asymmetric CH,
stretching), 1726 cm~! (C=0 stretching), 1365 cm ™!
(C-N stretching) and 1111 cm~ ! (C-0-C stretching)
were obtained in the IR spectra, evidencing the
existence of polyurethane in the UV thermochromic
printing ink (Zhang et al. 2010). In addition to that, the
bands at 810, 987 and 1408 cm_l, attributed to the in-
plane and out-of-plane deformation of the vinyl group
(CH,=CH-), as well as the band at 1636 cm !,
associated with the double bond (C=C) stretching,
pointed to the acrylate (Kim and Seo 2004). Moreover,
vibrational bands at 1064, 1195 and 1296 cm™! could
be assigned to vibrational modes of functionalities
consisting of oxygen atom (C-O stretching), pointing
to acrylates as well (Bénard et al. 2008). However, due
to complexity of the obtained IR spectra some bands
could not be unambiguously assigned. For instance,
the sharp bands at 1617 and 1462 cm™' could be
associated with the ring stretching modes, implying
presence of the phenyl moiety in the structure, most
likely of polyurethane (Chalmers 2007). Furthermore,
the band at 1462 cm™' could be also assigned to
bending of the methylene groups present in both,
polyurethane and acrylate, while the band at
1271 cm™" could arise from the C-N stretching and
C-O0 stretching in polyurethane and acrylate, respec-
tively (Chalmers 2007). Nevertheless, the IR spectra
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implied that the studied thermochromic printing ink
was very likely composed of polyurethane acrylate.
Figure 2 shows the IR spectrum of the unprinted
papers. In the IR spectrum of the synthetic paper the
obtained bands were associated with polypropylene
(2960-2840 cm ™! (asymmetric and symmetric CH,
and CHj stretching), 1433 cm™' (CH, and CHs
bending)) and calcium carbonate (875 and 712 cm™!
(asymmetric and symmetric CO5>~ bending)), while
beside calcium carbonate (873, 709 cm ™) distinctive
bands of cellulose (1426 cm™' (in-plane HCH and
OCH deformation), 11601000 cm ™! (C-O and C-C
stretching, COH bending), 898 cm ™! (COC and CCO
bending)) contributed to the IR spectrum of the
recycled paper (Fig. 2) (Proniewicz et al. 2002). The
broad band around 3335 cm ™' in the spectrum of the
recycled paper were assigned to the OH stretching,
mostly originating from cellulose hydroxyl groups,
though a weak broad band at 1650 cm ™! confirmed the
presence of water too. In the IR spectrum of bulky
paper beside cellulose and calcium carbonate (873,
710 cm™"), characteristic bands of lignin correspond-
ing to phenyl ring vibrational modes at 1594 cm ™'
(phenyl stretching), 1272 cm™' (in-plane CH bend-
ing) and 812 cm™' (out-of-plane CH bending) were
observed (Derkacheva and Sukhov 2008). Comparing
the unprinted recycled and bulky paper, the higher
intensity of the band assigned to the COC bending of
B-(1 — 4)-glycosidic linkages, sensitive to the
amount of the crystalline versus amorphous structure

0.5 Q )

Q —— synthetic paper

N —— recycled paper
—— bulky paper

Absorbance

- N
0.0 :

T T A T T T T
400035003000 1800 1600 1400 1200 1000 800 600

-1
Wavenumber / cm

Fig. 2 FTIR spectra of the unprinted papers measured in ATR
mode. The spectra of the papers are vertically displaced for
visual clarity
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of cellulose and also called “amorphous” absorption
band, indicated a higher degree of amorphous struc-
ture in the recycled paper (898 cm™") than in the bulky
paper (899 cmfl) (Ciolacu et al. 2011).

Optical microscopy

Thermochromic ink is composed of blue microcap-
sules dispersed in pink conventional screen printing
ink and due to that property, when the ink is exposed to
temperatures above their activation temperature, the
print changes its colour from purple to pink (Fig. 3).

SEM analysis

SEM micrographs of UV print on synthetic paper
(Fig. 4) show that microcapsules are covered with
polymer resin (binder). After 180 days of biodegra-
dation, the changes in the surface of UV print are
observed (Fig. 5). A noticeable biodegradation of the
polymer resin can be seen, and the microcapsules
become more visible. Figure 5 shows heterogeneous
degradation of the print. Microcapsules are in irregular
shape, some are notched and some are hollow. In the
case of UV prints on recycled and bulky paper
(Figs. 6, 7), it can be seen that microcapsules are
covered with thinner layer of resin and thus, they are
more visible. The number of microcapsules in UV
prints is significant and they are in the regular circle
forms, with around 1-2 pm in diameter. After
biodegradation, the surfaces are visibly degraded, in

Fig. 3 Optical microscopy image of thermochromic ink at
23 °C

UV print on bulky paper more than on UV print on
recycled paper. UV print on recycled paper (Fig. 8)
shows a larger number of hollow microcapsules than
UV print on synthetic paper (Fig. 5), more deforma-
tion and higher number of irregular microcapsules.
However, the number of microcapsules does not
change much more than in the original printed
recycled paper (Fig. 6). After 180 days of biodegra-
dation of UV print on bulky paper destruction of
almost all microcapsules is visible (Fig. 9). In addi-
tion, in Fig. 9 there are also visible cellulose fibres,
which indicates a thinning of the polymer resin layer
on the surface of bulky paper, i.e. greater biodegra-
dation. From Fig. 9 it can be seen that few microcap-
sules between cellulose fibres, remains protected.
Comparing the results to our previous research where
the biodegradation of thermochromic offset prints
were studied (Vukoje et al. 2017), results indicated
that polymerized ink vehicle (vegetable oil + resin) in
thermochromic offset ink is more stable than the
polymer resin present in UV curable screen printing
thermochromic ink. SEM micrographs indicated a
notably higher stability of offset ink binder and
accordingly lower deformation of the microcapsules.

Visual evaluation

Figures 10 and 11 show the visual evaluation of
printed and unprinted sides of papers before and after
biodegradation. After 50 days of biodegradation, the
UV prints on all papers show only slight changes in
colour (Fig. 10). After 180 days of biodegradation, it
can be noticed that surface of UV print on synthetic
paper is purple with pink areas, indicating a hetero-
geneous degradation. The UV print on recycled paper
is mostly pink with a very small amount of purple
coloration. Only a pink colour is visible for UV print
on bulky paper. In the case of UV print on bulky paper
it can be noticed that samples after 50 and 180 days
were disintegrated into pieces, i.e. showing not only
changes in colour, but in the structure as well. The
changes in colour of the prints occurring during
biodegradations are result of the microcapsules defor-
mation and degradation. The greater the transition to
pink colour is, the greater the destruction (deforma-
tion) of the microcapsule which was confirmed by
SEM micrographs.

Figure 11 shows that unprinted sides of papers
before degradation have some differences in colour,

@ Springer
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SEI 1.0kv¥  X1,000 10um WD 10.0mm

SEl  10kvV  X5000 1zm _ WD 100mm

Fig. 4 SEM micrograph of UV print on synthetic paper before biodegradation under different magnifications (x 1000 and x5000)

Deégraded potymer-resin

Ca s @
| -and miérocapsules,

5,000 Tum_ WD 10.0mm

Fig. 5 SEM micrograph of UV print on synthetic paper after 180 days of biodegradation under different magnifications (x 1000 and

x5000)

i.e. unprinted side of recycled paper is pink while
unprinted side of bulky paper is more purple. That
might be an indication that microcapsules altogether
with polymer ink resin penetrate deeper in the
structure of bulky paper, promoting biodegradation.
In the case of recycled paper, ink binder (altogether
with classic pigment) penetrates into its structure. For
the print on synthetic paper, there is no penetration of
ink into to its structure. All components of ink remain
on the surface of synthetic paper.

Comparing the unprinted sides of the prints
(Fig. 11), UV print on synthetic paper shows almost
no changes in its visual appearance. For the UV print
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on recycled paper, some formation of spots can be
noticed, but after 180 days of biodegradation, these
spots present degradation of paper. However, these
changes are smaller compared to unprinted side of UV
print on bulky paper, whose visual appearance is very
diverse from the original.

Microbial growth assay and weight loss
measurement

Figure 12 shows the number of bacteria on the
unprinted and printed-paper samples after 180 days
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Fig. 7 SEM micrograph of UV print on bulky paper before biodegradation under different magnifications (x 1000 and x5000)

of biodegradation in the soil. In the case of unprinted
paper samples, the highest number of bacteria was
obtained on recycled paper, followed by the bulky
paper. The number of bacteria obtained on synthetic
paper was the smallest and it was smaller compared to
number of bacteria isolated from the soil. For this
reason, synthetic paper shows no changes in weight
after biodegradation period (Table 2), due to micro-
bial attack resistance of polypropylene present in its
structure (Arutchelvi et al. 2008; Leja and Lewandow-
icz 2010). The weight loss measurement for unprinted
recycled paper indicates higher biodegradation com-
pared to bulky paper (Table 2). After 180 days of
biodegradation, unprinted recycled paper was more

than 90% degraded, while bulky paper was 25.8%
degraded. Higher rate of recycled paper biodegrada-
tion compared to bulky paper, can be explained by the
higher ratio of amorphous cellulose in recycled paper,
which was confirmed by FTIR (Fig. 2) and presence of
shorter cellulose fibres resulting from process of
recycling. Amorphous cellulose is more susceptible
to degradation than the crystalline (Van Wyk and
Mohulatsi 2003). In addition, bulky paper contains
lignin that interferes the paper biodegradation (Komi-
lis and Ham 2003).

The smallest number of bacteria was isolated on
printed synthetic paper and it was almost the same as
number of bacteria isolated from the soil, which

@ Springer
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Fig. 8 SEM micrograph of UV print on 33% recycled paper after 180 days of biodegradation under different magnifications (x 1000

and x5000)
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Fig. 9 SEM micrograph of UV print on bulky paper after 180 days of biodegradation under different magnifications (x 1000 and

x5000)

resulted in a small weight loss (3%) after 180 days of
biodegradation (Table 2). This can be mainly
described by the UV print degradation rather than
synthetic paper degradation since unprinted synthetic
paper shows no changes in weight during biodegra-
dation. It can be assumed that UV print is more
biodegradable than synthetic paper. For the printed
recycled paper an opposite behaviour was observed,
i.e. notable reduction of biodegradation rate compared
to unprinted recycled paper was noticed. With the
application of thermochromic ink, the weight loss was
five times lower. This behaviour can be explained by
the polymer ink resin and pigment absorption. In the
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case of recycled paper, it is obvious that classic
pigment that penetrates into its structure lowers the
rate of biodegradation, which means that classic
pigment is less degradable than recycled paper.

The highest change in the weight loss was obtained
for the printed bulky paper. In this case, printed bulky
paper degrades faster than unprinted bulky paper.
Higher rate of printed bulky paper biodegradation
compared to printed recycled paper can be due to
better absorption of microcapsules. The deeper the
penetration of the microcapsule into to structure of
paper is, higher biodegradation occurring from the
unprinted side is. Considering the fact that the weight
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Fig. 10 Visual evaluation
of prints before and after 50
and 180 days of
biodegradation

Synthetic paper -
UV print

Recycled paper

Bulky paper -
UV print

- UV print

Before
biodegradation

After 50 days of
biodegradation

After 180 days of
biodegradation

Fig. 11 Visual evaluation Synthetic paper - Recycled paper - Bulky paper - UV
of prints before and after 50 UV print UV print print

and 180 days of

biodegradation—unprinted Unprinted side Unprinted side Unprinted side

side

loss measurement for printed sample is almost the
same after 50 and 180 days of biodegradation, degra-
dation of paper probably stopped after 50 days, but
after that period only degradation of microcapsules

Before biodegradation

After 50 days of
biodegradation

After 180 days of
biodegradation

occurred. Due to their small sizes and lower share in
the thermochromic ink and printed sample, the weight
loss increase after 180 days was negligible. The
similar number of bacteria obtained for unprinted
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Table 2 Weight loss during soil burial FTIR spectroscopy of prints
- before and after biodegradation
Sample Weight loss/(%)
Days The IR spectra of the thermochromic prints on all
50 180 paper samples: synthetic, bulky and recycled, mea-
. sured in attenuated total reflectance (ATR) mode, were
Synthetic paper 0.0 0.0 very similar (Fig. 13). In comparison to the spectrum
Synthetic paper-UV print 0.6 3.0 of the thermochromic UV curable ink, the bands at
Recycled paper 46.3 929 1408, 1296, 1271, 1195 and 1064 cm™' in the IR
Recycled paper-UV print 6.8 17.8 spectra of the prints were weaker and poorly defined.
Bulky paper 20.5 258 The intensity of these bands decreased due to poly-
Bulky paper-UV print 49.2 50.2 merization of polyurethane acrylate during UV curing.

and printed bulky paper can be explained by the fact
that bacterial growth after 180 days of biodegradation
of printed bulky paper was probably in decline due to
destruction of almost all microcapsules (Fig. 9) and
reduction in biodegradation rate.

Thermochromic microcapsules are mostly com-
posed of urea-formaldehyde or melamine-formalde-
hyde resins gelatine-gum arabic and epoxy resins
(Aitken et al. 1996; Fujinami 1996; Seeboth and
Lotzsch 2008) which are biodegradable and during
biodegradation can act as nitrogen sources (El-Sayed
et al. 2006). Microcapsules can act as an active sites
promoting biodegradation.
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The IR spectra of the thermochromic UV prints on
the used papers before and after 50 and 180 days of
biodegradation are shown in Figs. 14, 15 and 16. In

955
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Fig. 13 FTIR spectra of the UV thermochromic print on the
recycled, bulky and synthetic paper before biodegradation,
measured in ATR mode
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Fig. 14 FTIR spectra of the UV thermochromic ink, the neat
synthetic paper and the prints of the ink on the synthetic paper
before and after 50 and 180 days of biodegradation, measured in
ATR mode. The spectra of the ink, the paper and the prints are
vertically displaced for visual clarity
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Fig. 15 FTIR spectra of the thermochromic ink, the neat
recycled paper and the prints of the ink on the recycled paper
before and after 50 and 180 days of biodegradation, measured in
ATR mode. The spectra of the ink, the paper and the prints are
vertically displaced for visual clarity

addition, the IR spectra of UV curable ink and
unprinted papers have been presented in Figs. 12, 13
and 14.

A decrease of band intensities located in the
1100-1000 cm ™" range (attributed to the ester C—O
stretching vibration), 1260-1200 cm™' range (at-
tributed to carbonyl oxygen linkage) and carbonyl
peak around 1730 cm™' were observed after degra-
dation. The changes in those bands are present for all

& —uvink
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Fig. 16 FTIR spectra of the thermochromic ink, the neat bulky
paper and the prints of the ink on the bulky paper before and
after 50 and 180 days of biodegradation, measured in ATR
mode. The spectra of the ink, the paper and the prints are
vertically displaced for visual clarity

printed papers after biodegradation (Figs. 14, 15 and
16) and very likely indicate the breaking down of the
ester linkages, leading to the changes in the ester and
urethane groups of polyurethane resin, i.e. changes in
polymeric structure (Oprea and Doroftei 2011; Oprea
et al. 2016). In the ranges of 1100-1000 cm™"' and
1260-1200 cm ™', the highest changes were observed
for the print on bulky paper, followed by print on
recycled paper. The smallest changes were observed
for the synthetic paper. However, the changes in the
spectral range of 1300-1800 cm™' were observed
only for the printed bulky paper.

An appearance of the intense broad band at around
1030 cm™! could be attributed to cellulose, due to
thinning of the polymer resin on the surface of the
bulky and recycled paper, which can be attributed to
stretching of C-O in cellulose/hemicellulose mole-
cules (Grilj et al. 2012). Interestingly, in the IR
spectrum of the UV print on the bulky paper this band
decreased after 180 days of biodegradation, if com-
pared to the spectrum after 50 days, indicating cellu-
lose degradation as well. This was supported by SEM
micrographs (Figs. 7 and 9). The intense cellulose like
vibration bands (at 1030 cmfl) were also obtained
after 180 days of the UV print biodegradation on the
recycled paper. Given that the spectral motif around
1030 cm ™' was obtained in the IR spectra of the UV
print on all the papers after biodegradation, including
the synthetic paper not consisting of cellulose, its
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origin could be also partially associated with silicates
(Si-O stretching) adsorbed on the prints from the soil.
The presence of silicates on the surface of the prints,
was also indicated by the weak bands at 3698 and
3618 cm™ ' assigned to O-H stretching in the Si—~OH
structural moieties located on the silicate surface (Das
etal. 2013; Tinti et al. 2015). Since weak bands around
3696 and 3620 cm ™' corresponding to the silicates
OH groups were obtained in the IR spectra of the prints
on all the papers, it was very likely that the band at
1039 cm™! associated with the Si-O stretching in
silicates was also present in the spectra of the prints on
the recycled and bulky paper, but overlapped by the
strong broad cellulose band.

Due to degradation of polyurethane, the formation
of degradation products can be noticed and followed in
the hydroxyl and NH group stretching range
(3600-3100 cm_l), whose intensity increased after
biodegradation (Bénard et al. 2008; Oprea and
Doroftei 2011; Huang et al. 2016). Compared to the
IR spectra before biodegradation, the band at around
3350 cm ™' was slightly stronger, wider and posi-
tioned at higher wavenumbers in the spectra of the
buried prints (Figs. 14, 15 and 16).

Colorimetric measurements

Results of colorimetric a* and b* values determined
on UV thermochromic prints before and after
biodegradation are presented in Fig. 17. In the
CIELAB colour space the value L* represents the
lightness of the colour, the value + a* represents
redness, — a* represents greenness, + b* represents
yellowness while the value — b* represents blueness.
Due to the formation of polymer ink layer on the
surface of all papers and its complete coverage of
paper samples, the colour of unprinted papers does not
have a significant influence on the colour reproduction
of the UV prints. Figure 17 shows that the colorimetric
a* and b*values of original UV prints on bulky and
recycled paper, measured below the activation tem-
perature, have similar colorimetric properties. Com-
pared to UV prints on bulky and recycled paper, UV
print on synthetic paper has higher a* value, and
smaller b* value, due to higher concentration of ink on
the surface of the paper. Figure 17 shows the transition
of prints colour from purple to pink. The a* and b*
values of UV prints after 50 days of biodegradation
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are smaller than the initial values. The a* value on
bulky paper print shows the lowest positive values
while the b* value shows the smallest negative values,
indicating the highest colour change. After 180 days
of biodegradation, the a* and b* values of all samples,
are more positive compared to the initial values. The
smallest colour change was in the case of UV print on
synthetic paper. After 180 days of biodegradation, the
pink colour of print on bulky paper was lighter
(smaller a* value) compared to print on recycled
paper, indicating higher colour change.

The TC system has memory, which is called
hysteresis. It’s colour hysteresis describes the colour
of a TC sample as a function of temperature and should
be presented in four-dimensional space (i.e. whose
three dimensions represent colour values L*, a*, b*,
while the fourth dimension illustrates temperature (T))
or by two-dimensional graphs (Kuléar et al. 2010).
The trajectory obtained by heating is not equal to one
obtained by cooling. The area of the surface defined by
the two trajectories shows the similarity (of the colour
change) of the heating and cooling run.

The reversible TC process can be presented by
change of L* a* and b* values as a function of
temperature. When printed sample is heated,
decolourization of microcapsules occurs above the
activation temperature (TA). Therefore, the b* values
increase because only the pink colour of the classic
pigment remains. The reverse process occurs during
cooling at lower temperatures.

L*(T) hysteresis describes temperature dependence
of L* values. Figure 18a shows that all UV prints
before biodegradation tests show similar values, i.e.
similar reversibility of colour. UV prints on recycled
and bulky paper show almost the same behaviour,
while small differences can be noticed for UV print on
synthetic paper. Due to higher amount of polymer
resin containing pink classic pigment over the micro-
capsules present on the surface of the synthetic paper,
the hysteresis is shifted to higher L* values. After
50 days of biodegradation (Fig. 18b), the initial L*
values of the UV prints on recycled and bulky paper
are shifted to higher L* values, similar to L* value of
UV print on synthetic paper. This indicates a higher
concentration of classic pink pigment on their surface.
The highest decrease of L*(T) hysteresis height was
obtained on printed bulky paper, while the smallest
change in L*(T) hysteresis height was obtained on
printed synthetic paper, indicating that the highest
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Fig. 17 Colorimetric properties (a* and b* values) of UV
prints measured at 20 °C before (purple), after 50 days (blue)
and 180 days (pink) of biodegradation (circle—UV print on

synthetic paper, triangle—UYV print on recycled paper, square—
UV print on bulky paper). (Color figure online)
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Fig. 18 CIELAB L* values of UV print on synthetic paper (S—
red), recycled paper (33R—blue) and bulky paper (B—green) in
dependence on temperature at heating (solid line) and cooling

destruction of colour (microcapsules) was noticed on
printed bulky paper. After 180 days of biodegradation
(Fig. 18c), the prints on recycled and bulky papers
showed remarkable reduction of thermochromic
effect. The reduction of thermochromic effect and
changes occurring in L*(T) hysteresis are result of
reduction in active microcapsules number, which was
confirmed by the SEM micrographs. L*(T) hysteresis
are substantially shifted toward higher L* values
suggesting greater concentration of classic pink pig-
ment in relation to the concentration of microcapsules.

In addition, the changes occurring in b*(T) hystere-
sis may also point to degradation of blue microcap-
sules (Fig. 19a—c). The smallest changes occurring in

20

40 10 20 30

T°C

40

(open line) before biodegradation (a), after 50 days of
biodegradation (b) and after 180 days of biodegradation (c).
(Color figure online)

b*(T) hysteresis were obtained for UV print on
synthetic paper. Interestingly, after 50 days of
biodegradation, the final b* values (at highest tem-
peratures) are not approaching to zero by heating, but
they are becoming positive (shift to the yellow area).
In the case of UV prints on recycled and bulky paper,
the b* values are positive throughout the whole
temperature range. After 180 days of biodegradation,
the greatest shift to yellow area was obtained on
printed synthetic paper, followed by printed recycled
paper and printed bulky paper (Fig. 19c¢).

After 180 days of biodegradation, the final a*
values (at highest temperatures) are the highest in the
case of printed synthetic paper, slightly lower values
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Fig. 19 CIELAB b* values of UV print on synthetic paper (S—
red), recycled paper (33R—blue) and bulky paper (B—green) in
dependence on temperature at heating (solid line) and cooling
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Fig. 20 CIELAB a* values of UV print on synthetic paper (S—
red), recycled paper (33R—blue) and bulky paper (B—green) in
dependence on temperature at heating (solid line) and cooling

are on printed recycled paper, and the smallest a*
values are on printed bulky paper (Fig. 20a—c).
Accordingly, the highest shift to yellow and red area
obtained on the printed synthetic paper indicates the
highest concentration of classic pink pigment. It can
be assumed that classical pink pigment shows slower
rate of biodegradation. In the case of printed bulky
paper, in which the highest absorption of ther-
mochromic ink was noticed, the active sites (micro-
capsules) that bacteria use for their metabolism are the
most accessible. If the effect of ink separation is
smaller, these sites are less accessible, so the rate of
biodegradation is lower.

Conclusions

The ink penetration into the paper structure is a very
important property. Results show that the best absorp-
tion of ink is for the bulky paper structure, followed by
recycled paper. The structure of synthetic paper was
not penetrated by the ink. The results show that the
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(Color figure online)

print obtained on paper that absorbs more biodegrad-
able thermochromic ink, shows higher rate of
biodegradation. The more the microcapsules are
exposed ot bacteria, i.e. covered with a thinner layer
of ink polymer resin, the higher rate of biodegradation
will be. On synthetic paper, the microcapsules are
covered with a thicker layer of polymer resin making
them less exposed to bacteria. The FTIR spectra were
interpreted to indicate that the ink binder is polymer
resin containing polyurethane acrylate. The highest
changes in the IR spectra during biodegradation were
obtained for UV print on bulky paper followed by UV
print on recycled paper. The smallest changes were
obtained for the UV print on synthetic paper. In
addition, the SEM micrograph indicated degradation
of almost all microcapsules after 180 days of
biodegradation on UV print on bulky paper. The
SEM micrograph of prints on recycled paper after
180 days of biodegradation showed a certain defor-
mation and degradation of microcapsules. In the case
of UV print on synthetic paper, in the SEM micrograph
only degradation of polymer resin was observed.
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However, deformation of microcapsules can be
noticed but not in the whole area as for UV print on
recycled paper. Some of the microcapsules remain
protected by the polymer resin hence biodegradation
occurred as spots, thus the colour degradation of print
after 180 days of biodegradation was less comparable
to other samples on bulky and recycled paper. Based
on the obtained results, it can be said that in the case of
the used thermochromic UV ink, the polymer resin,
pigment and the microcapsules are ultimately
biodegradable in the anaerobic soil environment.
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