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Recyclability Assessment of
Pressure-Sensitive Labels Made from
Agro-Industrial By-Products

ABSTRACT

The growing demand for sustainable packaging materials has increased the
use of agro-industrial by-products as alternative fibre sources in packaging

Marina Vukoje Bezjak
Nika Krajaci¢

Rahela Kuléar
Katarina Itri¢ Ivanda

production. However, the recyclability of such materials remains an import-
ant factor for their successful integration into circular economy systems. This
study investigates the recyclability of pressure-sensitive labels (PSLs) contain-
ing citrus, barley, and grape agro-industrial fibres. All label materials were
printed under identical conditions using conventional offset printing ink. Re-
cycling was performed according to the INGEDE Method 11 under laboratory
conditions. For each label type, laboratory sheets were produced from pulp
obtained before and after the deinking flotation process. Recycling efficiency
was evaluated through measurements of optical properties, including 1SO
brightness, CIE Lab* colour coordinates and opacity. Citrus fibre-based labels
exhibited the highest recycling efficiency, showing the greatest increase in
brightness and the most effective removal of ink particles. Barley fibre-based
labels showed moderate improvements, whereas grape fibre-based labels
exhibited the lowest deinking efficiency, with a larger amount of residual ink
remaining after flotation. The findings confirm that pressure-sensitive labels
manufactured from agro-industrial by-products can be successfully recycled
using conventional deinking technology. Nevertheless, the recycling perfor-
mance is strongly influenced by the type of agro-industrial fibres incorporated
into the paper structure, highlighting the importance of considering recy-
clability during the design of sustainable label materials.
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because of its short service life and the large quantities

1. Introduction

The transition from a linear to a circular economy has
become one of the key strategies for achieving sus-
tainable development and reducing the environmental
impacts associated with industrial production. Unlike the
traditional linear model of "take—make—dispose", the
circular economy aims to maintain the value of materials
and products through reuse, repair, remanufacturing
and recycling while minimizing waste generation and the
consumption of virgin resources (Meherishi et al., 2019)
. Within this framework, packaging plays a crucial role

of waste generated after use. Consequently, packaging
materials are increasingly being designed according to
eco-design principles, taking into account not only their
functionality but also their recyclability and compatibil-
ity with existing waste management systems (Liu et al.,
2023; Meherishi et al., 2019). Paper-based packaging

is considered one of the most sustainable packaging
materials due to its renewable origin, high recycling
rates and well-established collection infrastructure.
Approximately 40% of all packaging materials are paper
or paperboard, and paper packaging exhibits one of
the highest recycling rates among packaging materials.
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Nevertheless, successful recycling depends on numerous
factors, including fibre composition, printing inks, coat-
ings, adhesives and multilayer structures that may reduce
fibre recovery efficiency and deteriorate the quality of
recycled pulp (Runte et al., 2015). Therefore, recyclabil-
ity has become an essential criterion during the design
phase of paper-based packaging products. The growing
demand for renewable raw materials has stimulated
considerable interest in the utilization of agro-industrial
by-products as alternative lignocellulosic fibre sources for
paper production (Abd El-Sayed et al., 2020). Every year,
the agricultural and food industries generate enormous
quantities of residues, including grape, banana, coco-
nut, corn, citrus peels and other lignocellulosic wastes
that are often disposed of by landfilling or incineration,
creating additional environmental burdens. Since these
residues contain significant amounts of cellulose and
hemicellulose, they represent valuable secondary raw
materials that can replace a portion of virgin wood fibres
in paper production while simultaneously contributing
to waste valorisation and resource efficiency (Alzate
Acevedo et al., 2021; Jeetah & Jaffur, 2021; Vallejo et al.,
2021). The incorporation of agro-industrial fibres into
paper products therefore supports circular economy
principles by extending the value chain of agricultural
biomass and reducing dependence on forest resources.

Among paper-based packaging products, pressure-sen-
sitive labels (PSLs) represent an important application
because they are extensively used in the food, beverage,
pharmaceutical and logistics sectors. A pressure-sensitive
label typically consists of three functional layers: a faces-
tock, an adhesive layer and a release liner (Kirwan, 2011;
Marosevi¢ Dolovski, 2016). Although these multilayer
structures provide excellent functionality during product
use, they also complicate recycling processes (Runte et
al., 2015). Adhesives, printing inks and other non-fibrous
components may interfere with repulping and deinking,
reduce pulp quality and generate contaminants that
adversely affect recycled paper production. Conse-
quently, newly developed sustainable label materials
should be evaluated not only regarding their functional
performance but also with respect to their recyclability.

Recent studies have demonstrated that pressure-sensi-
tive labels manufactured from agro-industrial by-prod-
ucts exhibit promising optical and functional properties
while contributing to a reduced environmental footprint.
Furthermore, paper products containing agricultural
residues have shown potential as sustainable alternatives
to conventional wood-based materials (Karlovits et al.,
2020; Pogacar & Gregor-Svetec, 2025). However, despite
increasing interest in alternative fibre sources, relatively
few studies have investigated how these materials behave
during recycling processes (Pogacar et al., 2023; Vukoje
et al., 2021). Since recyclability is one of the fundamental
requirements of circular packaging systems, comprehen-

sive evaluation of recycling performance is necessary
before these materials can be widely adopted by industry.

The quality of recycled paper is commonly assessed
through laboratory deinking procedures, with flota-
tion representing the most widely applied industrial
method for removing hydrophobic ink particles from
waste paper (Vukoje & Rozi¢, 2018). The efficiency of
flotation is generally evaluated using optical proper-
ties such as ISO brightness, colour coordinates (CIE
Lab*), opacity and Effective Residual Ink Concentra-
tion (ERIC), together with image analysis of residual
ink particles. These parameters provide valuable
information regarding ink removal efficiency, fibre
cleanliness and the overall quality of recycled pulp.

Therefore, the aim of this study was to evaluate the
recyclability of pressure-sensitive labels containing
agro-industrial by-products originating from citrus
grape, and barley residues. Recycling was performed
according to the INGEDE Method 11, and the influence
of flotation deinking on recycling efficiency was assessed
through optical characterization and image analysis of
recycled laboratory sheets. The results provide new
insights into the suitability of agro-industrial fibre-based
pressure-sensitive labels for integration into existing
paper recycling systems and contribute to the devel-
opment of more sustainable packaging materials.

2. Materials and methods

2.1. Pressure-sensitive label materials

Three commercially available paper-based pressure-sen-
sitive labels (PSLs) containing agro-industrial by-prod-
ucts were used in this study. The investigated facestock
materials were produced from citrus (C), grape (G) and
barley (B) residues. According to the manufacturer's
specifications, the facestock consisted of 15% agro-in-
dustrial by-products, 40% post-consumer recycled fibres
and 45% virgin wood pulp. The citrus fibres originated
from residues remaining after juice production, grape
fibres from wine production residues, and barley fibres
from brewing industry by-products. All label materials
were supplied with a glassine release liner (70 g m™2; 61
um) certified by the Forest Stewardship Council (FSC).
The citrus and barley labels were coated with a perma-
nent acrylic emulsion adhesive (52030), while the grape
labels contained a permanent rubber-based hot-melt
adhesive (S2047N) (Avery Dennison, Europe). Each label
was applied to a cardboard substrate to simulate real
packaging conditions, as labels typically enter the recy-
cling stream attached to paper or paperboard packaging.
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2.2.Printing procedure

Test samples were printed using a commercial
dry-offset printing press designed for pressure-sen-
sitive label production under industrial conditions.
A UV-curable warm red offset ink was printed as a
full-tone solid on all three label materials. Printing
conditions, substrate preparation and curing param-
eters were maintained constant throughout the
experiment to eliminate process-related variability.

2.3.Laboratory recycling

Laboratory recycling was performed according to ISO
21993:2020 standard procedure intended for evaluating
the deinkability of printed paper products (ISO, 2020).
For each label material, printed samples were manually
shredded into small pieces and disintegrated in for 20
min using laboratory disintegrator Enrico Toniolo. Follow-
ing disintegration, the pulp suspension was homogenized,
after which two sets of laboratory sheets were prepared.
The first set was produced directly from the pulp sus-
pension without flotation (BF), while the second set

was prepared after flotation deinking (F). Flotation was
performed in a laboratory flotation cell by introducing

air into the suspension, allowing hydrophobic ink par-
ticles to attach to air bubbles and be removed as froth.
Following flotation, the pulp was homogenized again
before sheet formation. Laboratory handsheets with a
target grammage of 45 g m™2 were prepared using a stan-
dard Rapid-Koéthen sheet former (ISO 5269- 2, 2004).

2.4.0ptical characterization

The recycling efficiency was evaluated by measuring

the optical properties of the laboratory sheets obtained
from pulp before and after flotation. Measurements
were performed using a Technidyne Colour Touch 2 spec-
trophotometer. ISO brightness (R457) was determined
according to ISO 2470 (I1SO, 2016), while CIE Lab* colour
coordinates, CIE whiteness were determined according to
ISO 11475 and Effective Residual Ink Concentration (ERIC)
were determined according to (ISO, 2008) Ten measure-
ments were performed for each sample and the results
are reported as the mean value * standard deviation.

3. Results and discussion

Figure 1 presents representative laboratory handsheets
prepared from undeinked (UP) and deinked pulp (DP).
Visual examination revealed distinct differences in the
morphology of the recycled handsheets. The Citrus
samples exhibited uniformly distributed coloured fibres
originating from the citrus agro-industrial residues incor-
porated into the facestock material (Figures 1a and 1b).

In contrast, the Barley (Figures 1c and 1d) and Grape
samples (Figures 1e and 1f) contained numerous coloured

agglomerates that are most likely associated with adhe-
sive-related stickies formed during repulping and insuf-
ficiently removed during flotation. These agglomerates
were particularly pronounced in the Grape samples,
which contained a rubber-based hot-melt adhesive,
whereas the Citrus samples showed no comparable adhe-
sive deposits. The observed differences are consistent
with the adhesive systems used in the investigated labels.
While Citrus and Barley employed the same acrylic emul-
sion adhesive, Grape contained a rubber-based hot-melt
adhesive, which is generally more prone to the formation
of larger hydrophobic agglomerates during recycling.

(b)

» Figure 1 (part 1): Representative handsheets prepared
from undeinked and deinked pulps obtained from
pressure-sensitive label materials:

(a) Citrus — UP; (b) Citrus —DP; (c) Barley — UP; (d)
Barley — DP; (e) Grape — UP; (f) Grape — DP
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(f)

» Figure 1 (part 2): Representative handsheets prepared
from undeinked and deinked pulps obtained from
pressure-sensitive label materials:

(a) Citrus — UP; (b) Citrus —DP; (c) Barley — UP; (d)
Barley — DP; (e) Grape — UP; (f) Grape — DP

The a* colorimetric parameter values of the samples
produced from undeinked pulp (UP) and deinked pulp
(DP) are presented in Figure 2. The positive a values
obtained for all samples indicate the presence of a
red colour component in the recycled handsheets.
Following flotation, the a values decreased for all inves-
tigated materials, with the largest reduction observed
for citrus. Because the printing ink used in this study
was water-based, the decrease in a* should not be
interpreted exclusively as the removal of discrete ink
particles. During repulping, soluble or finely dispersed
colourants may migrate into the fibre network, result-
ing in partial staining of the cellulose fibres. Conse-
quently, the remaining positive a* values reflect both
residual colourants associated with the fibres and
visible coloured contaminants (Vukoje et al., 2021b).

The negative b* values (Figure 3) indicate a shift toward
the blue region of the CIELAB color space. Since the
investigated samples were printed with red printing

ink and visual assessment confirmed that the papers
exhibited a reddish appearance, the observed blue
component cannot be attributed to either the printing
ink or the inherent color of the paper. Instead, it is most
likely associated with the presence of optical brightening
agents (OBAs) incorporated into the paper. This inter-
pretation is consistent with our previous study, which
demonstrated that the Grape base PSL contained the
highest amount of OBAs, followed by Citrus and Barley
(Vukoje et al., 2021a). Accordingly, the Grape samples
exhibited the most negative b* values, whereas the
Barley samples showed values closest to zero. The agree-
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ment between the present and previous findings further
supports the contribution of OBAs to the b* colorimet-
ric parameter and is consistent with the persistence of
OBAs in the recycled paper after the deinking process.
The negligible changes in b after flotation indicate that
the optical brightening agents remained associated with
the fibre network throughout recycling, as expected for
compounds incorporated within the paper structure.

» Figure 2: a* colorimetric parameter of samples
obtained from undeinked (UP) and deinked (DP) pulp

» Figure 3: b* colorimetric parameter of samples
obtained from undeinked (UP) and deinked (DP) pulp

The ISO brightness values (Figure 4) increased for

all samples after the deinking process, indicating an
improvement in the optical properties of the recycled
papers. The increase in ISO brightness is attributed to the
removal of the red printing ink during flotation, resulting
in higher reflectance at 457 nm. The largest increase

was observed for the Citrus sample, which is consistent
with the greatest reduction in the a* value, suggesting
the most effective removal of the red color component.
Smaller increases were observed for the Barley and
Grape samples, indicating a lower degree of improve-
ment in brightness after deinking. Although I1SO bright-
ness increased for all samples after flotation, this increase
does not necessarily indicate complete removal of the
printing ink. Since water-based colourants may partially
stain the fibres, the increase in brightness should rath-
er be interpreted as an overall improvement in optical
cleanliness resulting from the removal of coloured con-
taminants and a reduction in the red colour component.

» Figure 4: /SO Brightness of samples obtained from
undeinked (UP) and deinked (DP) pulp

The opacity values of the papers before and after deink-
ing are presented in Figure 5. A slight decrease in opacity
was observed for all samples following the deinking
process. The reduction was relatively small, ranging from
approximately 1to 2 percentage points. The decrease in
opacity is most likely associated with the loss of mineral
fillers during the flotation process. Since fillers con-
tribute significantly to light scattering within the paper
structure, their partial removal reduces the opacity of
the recycled sheets. Among the investigated samples,
Barley exhibited the highest opacity values both before
and after deinking, whereas Citrus showed the lowest
opacity. The relatively small decrease in opacity indicates
that flotation removed only a limited fraction of mineral
fillers while preserving the integrity of the fibre network.

» Figure 5: Opacity of samples obtained from undeinked
(UP) and deinked (DP) pulp

To complement the optical measurements, flotation
yield was calculated to estimate the amount of materi-
al removed during flotation. The flotation yield values
are presented in Table 1. The flotation yield was cal-
culated based on the mass of the sample used in the
recycling process and the mass of the foam collected
as a filter cake on a Biichner funnel. The flotation yield
of the samples was calculated using Equation (1):
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Where:

» mp = mass of the foam, i.e., the filter cake
* my = mass of the sample introduced
into the recycling process

Table 1
Flotation yield

C B G
My, g 100 100 100
Mp, g 25.16 34.20 22.47
Flotation yield, % 74.84 65.80 77.53

Barley exhibited the lowest flotation yield, indicating that
the largest amount of material was transferred into the
froth fraction. Nevertheless, this was not accompanied
by the largest decrease in either the a parameter or
ERIC. This suggests that the removed material consisted
predominantly of adhesive-derived contaminants, fillers
and fines rather than colour-forming components orig-
inating from the water-based printing ink. Conversely,
Grape exhibited the highest flotation yield but retained
the largest number of visible adhesive agglomerates
after flotation, indicating that flotation yield alone can-
not be used as an indicator of deinking efficiency.

The combined results demonstrate that the recycling
behaviour of the investigated labels was governed not
only by the printing ink but also by the structural char-
acteristics of the facestock and the adhesive system. The
Citrus based PSL material differed fundamentally from
the Barley based and Grape based PSL material because
the coloured features observed in the recycled hand-
sheets originated predominantly from naturally coloured
citrus fibres rather than adhesive-derived contaminants.
In contrast, the Barley and Grape based PSL samples
contained numerous adhesive-related agglomerates
(stickies), indicating that adhesive behaviour during
repulping had a greater influence on the visual quality
of the recycled sheets than the printing ink itself. These
findings demonstrate that visual assessment alone can-
not be interpreted as an indicator of residual ink content,
since the observed coloured structures originate from
different components depending on the investigated
label material. Therefore, a comprehensive assessment
of recyclability requires the combined interpretation of
optical properties, flotation yield and visual examination.

4. Conclusions

The investigated pressure-sensitive labels containing
agro-industrial by-products proved compatible with
conventional paper recycling by flotation. However, the

results demonstrated that the visual appearance of the
recycled handsheets was governed by different mecha-
nisms depending on the label material. In Citrus-based
labels, the visible coloured structures originated primarily
from naturally coloured citrus fibres incorporated into
the facestock, whereas the Barley and Grape materi-
als exhibited adhesive-related agglomerates (stickies)
remaining after flotation. Furthermore, the water-based
printing ink partially coloured the fibre network during
repulping, indicating that colourimetric changes cannot
be attributed solely to the removal of discrete ink par-
ticles. Consequently, the recyclability of agro-industrial
pressure-sensitive labels should be evaluated using a
combination of optical measurements, flotation yield
and visual assessment, while considering the indi-
vidual contributions of fibres, adhesives and printing
ink to the final appearance of the recycled paper.
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