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A B S T R A C T   

Recycling initiatives like the ‘Green Deal’, aspire to achieve complete recyclability for packaging materials and 
previously overlooked recycling fractions, but they might face practical challenges. We investigated the me-
chanical, processing, and toxicological properties of polypropylene labels during mechanical recycling to gain 
insight into dealing with as yet unutilized recycling fractions. Possible challenges during recycling include label 
pigments shifting infrared spectra bands and promoting β-spherulite nucleation, which can cause homopolymer 
melting peaks to resemble copolymers or multilayered structures. Label blends also do not conform to the 
straightforward rules of linear mixing. This means that predicting mold and machine parameters for blends of 
virgin and recycled material becomes challenging. The elongation at break of these blends is also influenced by 
the presence of labels, with noticeable deterioration effects even at label concentrations as low as 20 wt.%. 
Moreover, labels contain substances classified as Cramer Class III, with DNA-reactive mutagenicity responses 
present in processed and unprocessed labels. Despite labels ultimately being recyclable and potentially repur-
posable for extrusion or injection molding applications, their complex processing requirements, safety concerns, 
and limited economic viability may make them more valuable indirectly, on a systemic level, providing useful 
information for consumers including on the disposal and recyclability of packaging.   

1. Introduction 

Recycling would appear to be everywhere, and its alternatives are 
increasingly less socially acceptable (Clapp, 2012) and yet only 35% of 
European plastic consumer waste was recycled in 2020. Most plastic 
waste in Europe is thermally recovered (42%) but a considerable portion 
(23%) still ends up in landfill (Plastics Europe, 2022). These realities in 
addition to scientific consensus on the effects of climate change and 
shifting social norms are driving more ambitious recycling legislation 
included in the Green Deal, which comprises a series of policies and 
regulations aimed at promoting circular economy in the EU. Among 
these recent reforms, the Packaging and Packaging Waste Directive 
(PPWD) was revised to stipulate that all packaging must be either 
reusable or recyclable in an economically viable manner by 2030, with a 
target of 100% recyclability in all packaging (ECR Austria, 2022; Eu-
ropean Commission, 2022). 

The future of recycling will include many previously unconsidered 

and as yet academically and industrially neglected recycling fractions 
including labels. Labels traditionally serve an informative and esthetic 
function for products, providing consumers with information on in-
gredients, nutrition, and allergens, (White, 2012; Marchini et al., 2021), 
in addition to serving an inventory and logistics function for super-
markets and supply chains and providing marketing space for branding 
(Rundh, 2005; Klimchuk and Krasovec, 2012). They have, however, 
never been considered an economically viable fraction for mechanical 
recycling due to their low quantities (~65,160 tons/year in the EU27 +
UK based on a label that comprises 1.81 ± 0.48 % (Table S2) of the total 
packaging mass and a PET bottle market volume of 3.6 MT in 2020 
(EUNOMIA, 2022)) and potential processing hazards originating from 
inks, pigments, and other additives (FH Campus Wien, 2020). 

Bottles are typically shredded without prior removal of caps or la-
bels, the labels wind sifted, rejected, and incinerated. Shredded bottles 
and caps are then separated using a swim-sink process into a poly-
ethylene terephthalate (PET) fraction and a mixed polypropylene (PP) 

* Corresponding author. 
E-mail addresses: jessica.schlossnikl@tuwien.ac.at (J. Schlossnikl), vasiliki-maria.archodoulaki@tuwien.ac.at (V.-M. Archodoulaki).  

Contents lists available at ScienceDirect 

Resources, Conservation & Recycling 

journal homepage: www.elsevier.com/locate/resconrec 

https://doi.org/10.1016/j.resconrec.2023.107299 
Received 26 July 2023; Received in revised form 31 October 2023; Accepted 1 November 2023   

mailto:jessica.schlossnikl@tuwien.ac.at
mailto:vasiliki-maria.archodoulaki@tuwien.ac.at
www.sciencedirect.com/science/journal/09213449
https://www.elsevier.com/locate/resconrec
https://doi.org/10.1016/j.resconrec.2023.107299
https://doi.org/10.1016/j.resconrec.2023.107299
https://doi.org/10.1016/j.resconrec.2023.107299
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resconrec.2023.107299&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Resources, Conservation & Recycling 200 (2024) 107299

2

and polyethylene (PE) fraction (Neubauer et al., 2021). Polymer 
contamination (PP in PE or vice versa) can result in different deformation 
mechanisms in recycled blends, which have important ramifications for 
recycling (Van Belle et al., 2020; Karaagac et al., 2021). Clean flexible 
material, such as labels, can be mechanically recycled (Horodytska 
et al., 2018) but coloring and printing impurities in labels can lead to 
reduced mechanical properties and luminous transmittance levels 
(Gabriel and Maulana, 2018). The presence of up to 1 wt.% virtually 
unremovable PP label contamination in waste electrical and electronic 
equipment (WEEE) can also cause small changes in the mechanical 
properties of acrylonitrile butadiene styrene (ABS) and polyvinyl chlo-
ride (PVC) (Kühnel et al., 2019). Scope of application for recycled labels 
has otherwise been limited to use as a foaming agent (21% labels) 
(Guillén-Mallette et al., 2021). 

Alternatives to labels, such as shrink sleeves can also be used to 
protect bottles. Both labels and sleeves may play a systemic role 
enabling recyclability of base packaging material by isolating higher 
concentrations of pigments and other printing additives to a single easily 
removed packaging component (Gabriel and Maulana, 2018). Sleeves 
have the advantage of not requiring adhesives but are hard to detect 
using near infrared (NIR) sorting, especially if they contain a large, 
printed surface area. Sleeves are commonly produced from PET, poly-
styrene (PS) and PVC, materials which may not match the bottle mate-
rial, resulting in misidentification of the packaging during sorting (Chen 
et al., 2022). Labels are typically favored over sleeves due to their 
smaller size, which is not only more efficient in terms of material use but 
also facilitates easier and more accurate sorting (Cotrep, 2022). To date, 
the recyclability of labels represents a scarcity in the literature but will 
likely become more relevant to the future of recycling. 

We conducted a comprehensive investigation into the mechanical 
recyclability of PP labels to provide foundational information on their 
recycling characteristics but more importantly to demonstrate the 
unique range of unanticipated considerations that one must confront 
when working with as-of-yet poorly characterized recycling fractions. 
The mechanical and processing properties of pre- and post-consumer PP 
labels and virgin-recyclate blends were characterized and noteworthy 
morphological features and toxicology data collected. 

2. Materials & methods 

2.1. Materials 

PET bottles were collected from post-consumer recycling bins in 
eastern Austria and their labels removed. Pre-consumer labels were 
kindly provided by AluPrint (Vrútky, Slovakia) to enable comparison 
between pre- and post-consumer labels. PPHD601CF PP was kindly 
provided by Borealis (Vienna, Austria) to serve as a virgin reference for 
the base material of the pure labels and to investigate virgin-recyclate 
blends. This PP was selected due to its similar melt mass-flow rate 
(MFR) to the label material and similar intended application. Post- 
consumer material was hand-washed with a mixture of water and 
detergent upon collection and rinsed with tap water. Labels were iden-
tified based on a combination of visual and haptic properties coupled 
with attenuated total reflection (ATR) Fourier transform infrared (FT- 
IR) spectroscopy. PP labels were retained while others were discarded. 
This screening process simplified the label stream and consequently 
reduced the likelihood of complex deformation phenomena associated 
with polymer contamination (Van Belle et al., 2020). In principle, in-
dustrial solutions exist for the separation of PP and PE (Bakker et al., 
2009; Serranti et al., 2015). However, due to cost and efficiency re-
strictions, current industrial practice would likely see this stream end up 
in a mixed polyolefin fraction (Cotrep, 2022; Grüner Punkt, 2023). All 
other material was used as received. 

2.2. Thermal and morphological analysis of the labels 

Differential scanning calorimetry (DSC) is used to sample recycling 
batches for polymer impurities (Achilias, 2022), however, only rough 
approximations of impurity concentration can be achieved using this 
method (Juan et al., 2021; Thoden van Velzen et al., 2021). 
Pre-consumer labels were analyzed both before and after processing 
(extrusion) using a TA Instruments Q 2000 DSC (TA Instruments, New 
Castle, DE, USA). A 5 ± 0.5 mg sample mass of each label or polymer 
granule was deposited in an alumina testing pan and sealed. Samples 
were heated from 20 to 200 ◦C at 10 K/min, cooled at the same rate to 
20 ◦C, and then reheated under the same heating conditions as previ-
ously described. A nitrogen atmosphere was maintained at all times 
using a flow rate of 50 mL/min. The melting temperature Tm of the 
second heating run was analyzed using TA Instruments Software TRIOS 
5.1.1. Analysis was based on three replicate specimens for each sample 
type. 

The penetration depths of NIR and ATR FT-IR technologies are 
dependent on the absorbance of the sample material at the respective 
wavelengths. NIR tends to be less sensitive to surface features and is 
commonly used in sorting polymer-based household waste (Eisenreich 
and Rohe, 2006; da Silva and Wiebeck, 2020; Cozzarini et al., 2023). 
ATR FT-IR is more suitable for assessing pigments, additives, and other 
surface characteristics. Examples of additives that can be detected by 
FT-IR include the optical brightener Uvitex (Mauricio-Iglesias et al., 
2009) and antioxidants Irganox 1010 and 1076 (Saunier et al., 2017; 
Zheng et al., 2020; Zheng and Fan, 2022). IR spectra were recorded 
using a Bruker TENSOR 27 FT-IR instrument (Bruker, Billerica, MA, 
USA) with an ATR diamond (DuraSample IR II) with single reflection. 
Three sites were measured across three replicate labels for all label 
types. 16 scans were conducted in the mid-IR spectrum between 600 and 
4000 cm− 1 with a resolution of 4 cm− 1, which contains the fingerprint 
region where polymers can be detected more specifically (Siesler et al., 
2002; Nandiyanto et al., 2019). 

To observe spherulitic morphology, injection molded tensile impact 
strength specimens prepared from pre-consumer labels were sliced 
through their cross section (thickness of 30 µm) using a Microm HM 360 
Microtome (Microm, Germany). Specimens were heated and cooled 
using a temperature program matching that adopted for DSC measure-
ments utilizing a THMS 600 Linkam microscope temperature stage 
(Linkam scientific instruments, UK), and imaged using a Zeiss Axio Lab 
(Carl Zeiss Microscopy, Germany) optical microscope. Pre-consumer 
labels with a thickness of 35 µm were investigated as received in the 
same way. Mixing quality was evaluated using gold sputtered fracture 
surfaces of tensile impact tested specimens and a Zeiss EVO 10 (Carl 
Zeiss Microscopy, Germany) scanning electron microscope (SEM) at an 
accelerating voltage of 3 kV. 

2.3. Extrusion of label-virgin blends 

Pre- and post-consumer labels were mixed in increments of 10 wt.% 
from 10–50 wt.% with virgin PP. Pure pre- and post-consumer labels and 
label-virgin blends, were extruded using a single screw extruder (EX- 
18–26–1.5, Extron Engineering Oy, Finland) with a screw diameter of 
18 mm, length-to-diameter ratio of 25:1 at 240 ◦C and 70 rpm screw 
speed. The extruded material was then ground into flakes using a mill 
(Fritsch Pulverisette 19, FRITSCH GmbH, Germany), and a sieved frac-
tion of 4 mm was collected. 

The linear mixing rule (Eq. (1)) was utilized during blending as the 
use of logarithmic or natural logarithmic mixing rules yielded negligible 
difference in calculated zero-shear viscosity η0. The linear mixing rule 
also serves as a good approximation for blends with minimal MFR dif-
ferences (Traxler et al., 2023). η0 was calculated using the linear mixing 
rule by summing the respective weight fraction (xi) multiplied by the 
respective viscosity (ηi) of the components. 
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η0 =
∑

i
xiηi (1)  

2.4. Injection and compression molding of label-virgin blends and 
preparation of the mechanical and rheological test specimens 

Pure pre- and post-consumer labels and label-virgin blends were 
injection molded to prepare tensile (impact) strength specimens using a 
Haake Mini Lab II twin screw extruder coupled with a Haake Mini Jet II 
injection molding unit (Thermo Fisher Scientific, Waltham, MA, USA). 
Extrusion was completed at 230 ◦C with a screw speed of 100 rpm. In-
jection molding was completed at a mold temperature of 40 ◦C and a 
pressure of 350 bar with injection and post-injection times both of 10 s. 
At least eight dog-bone tensile (thickness 2 ± 0.2 mm) and tensile 
impact test specimens (thickness 1.2 ± 0.06 mm) were molded in 
accordance with ISO 527–2-5A (The International Organization for 
Standardization, 2012b) and ISO 8256/1A (The International Organi-
zation for Standardization, 2004), respectively. Tensile impact test 
specimens were notched on both sides (each 2 mm) with a Notch-Vis 
tool (Ceast, Germany). 

Pure pre- and post-consumer labels and label-virgin blends were 
compression molded (Collin P 200 P, Germany) using an aluminum 
pattern sandwiched between Teflon® and steel plates at 210 ◦C and 50 
bar with a cooling rate of 15 K/min to prepare dynamic shear rheology 
test specimens for all materials in accordance with ISO 19,069–2:2016 
(The International Organization for Standardization, 2020). 
Disk-shaped specimens were produced with a diameter of 25 mm and a 
height of 1.2 mm. 

2.5. Tensile (impact) testing and rheological testing of label-virgin 
samples 

A universal testing system comprising a Zwick 050 frame, 2.5 kN 
load cell and extensometer (Zwick Roell, Germany) was used to perform 
tensile tests on the prepared specimens at a constant velocity of 20 mm/ 
min. The elastic modulus Et, yield stress σy and elongation at break εB 
were calculated using the ZwickRoell testXpert II software (v. 3.6) across 
six replicate tests. An Instron 9050 impact pendulum (Ceast, Pianezza, 
Italy) equipped with a 2 J hammer and 15 g crosshead mass was used to 
establish the tensile impact strength atN of the notched samples across at 
least eight replicates. 

Dynamic shear rheology was tested using frequency sweeps on a 
MCR 302 rheometer (Anton Paar, Graz, Austria) equipped with a plate- 
plate system (1 mm gap size) and a heating hood purged with nitrogen. 
The temperature was constant at 230 ◦C during the experiments while 
deformation was raised logarithmically from 1% to 2% at a frequency 
ranging from 628 rad/s to 0.01 rad/s. η0 was selected at a frequency of 
0.1 rad/s. 

The MFR was measured for at least eight replicates of each sample 
according to ISO 1133–1 (The International Organization for Stan-
dardization, 2012a) at 230 ◦C under a 2.16 kg load on the MeltFloW 
basic (Karg Industrietechnik, Germany). 

While η0 is correlated with material properties, such as molecular 
weight and branching structures (Dealy John et al., 2017), the MFR is 
used in quality management to assess the flowability of polymers at a 
given shear rate (Schröder, 2018). η0, in principle, provided insight into 
how accurate and useful the MFR measurements were. 

2.6. Chemical and biological analysis of labels 

Pure pre-consumer (before and after processing) and pure post- 
consumer (after processing only) labels were measured using gas 
chromatography-mass spectrometry (GC–MS) and in vitro bioassays 
(miniaturized Ames test). 5 g (for chemical analysis) and 30 g (for in vitro 
bioassays) samples, respectively, were immersed in 100 mL of ethanol 
(95%) and migrated at 60 ◦C for 10 days. 

For GC-MS, 100 µL ethanol migrate, 5 mL ultrapure water and 10 µL 
internal standard (dodecan-d26) were applied. A pre-conditioned solid 
phase micro-extraction (SPME) sampler comprising 2 cm, 50/30 µm 
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) 
(Stableflex fibre, Supelco) was used to extract the samples at 80 ◦C for 
20 min. Separation and identification was performed using an Agilent 
6890 gas chromatograph with mass-selection detector HP 5975 (Agilent, 
USA), a quartz capillary (HP 5MS) and helium as a carrier gas. Substance 
identification was performed through comparison with a database 
(Wiley, National Institute of Standards and Technology) with accep-
tance criteria of >90 % match probability. Peak area was calculated but 
is not directly proportional to the concentration of the substances in the 
sample. Results can consequently only be considered qualitatively. 

Identified substances were assessed using the ToxTree in silico de-
cision tree tool and grouped into Cramer Classes I-III based on structural 
properties. Cramer Class II and III substances were considered more 
hazardous than Class I based on the structural alert for possible toxicity 
(Munro et al., 1996). Since only semi-quantitative concentration of the 
substances was possible and no oral consumption of the substances is 
expected, the application of safety thresholds based on Cramer Classes is 
not directly applicable. Nevertheless, these classes can provide insight 
into the level of toxicity of each substance. 

For in vitro bioassays, samples were concentrated to 1 mL according 
to the protocol by Rainer et al. (2019) using a Syncore® Analyst device 
(Büchi, Germany) with a concentration factor of ~300. Dimethyl sulf-
oxide (DMSO) was added, and the remaining ethanol removed through 
evaporation until only the sample extract remained in DMSO. DMSO 
samples were applied to the miniaturized liquid Ames microplate format 
test with TA98 and TA100 strains as described by XENOMETRIX (2018) 
and Meyer et al. (2023). S9 experiments were completed using pheno-
barbital/β-naphthoflavone induced S9 provided by Xenometrix 
(Switzerland). Spiking experiments were also performed to assess 
interference effects from inhibiting/bacteriotoxic substances. All ex-
periments were performed in triplicate with solvent blanks prepared and 
treated analogously. 

3. Results and discussion 

3.1. Sorting- and quality management related label characterization 

Transparent or uncolored labels exhibited IR bands at 972 cm− 1, 
1167 cm− 1, 1375 cm− 1, 1454 cm− 1, 2839 cm− 1, 2916 cm− 1 and 2949 
cm− 1, which are characteristic of PP (Jung et al., 2018). The presence of 
color coatings resulted in changes in the FT-IR spectra of labels, such as 
reductions in band intensity, omission, or addition of bands (Fig. 1). 
Most notable differences in the spectra of transparent, gray, red, and 
blue/orange colored PP labels were witnessed in the region 600–1800 
cm− 1, where the characteristic PP bands 972 cm− 1, 1167 cm− 1, 1375 
cm− 1 and 1454 cm− 1 were often indistinguishable from other signals. 

Printed parts of the labels exhibited an additional notable band be-
tween 1720–1728 cm− 1, which may be attributable to C––O groups 
associated with organic pigments or additives, such as azo pigments 
(Ciccola et al., 2017) or adhesives (Chércoles Asensio et al., 2009). 
Blue/orange printed labels exhibited additional notable bands at 843 
cm− 1 and 1643 cm− 1 (C–O stretching) (Singh Chouhan et al., 2020) 
most likely attributable to CaCO3, which is commonly used as a pigment 
in paints (Sun et al., 2018; Ersoy et al., 2021). That said, the many 
different components combined in paint, which exhibit their own 
characteristic bands, make any decisive identification of the combina-
tion of pigments present challenging (Tom Learner, 2004). Additional 
bands included 1067 cm− 1 (C–O–H) (Agbaje et al., 2017) and 1279 
cm− 1 (C–H stretching) (Sepperumal and Markandan, 2014). 

DSC curves exhibited a melting peak at 145–148 ◦C (Fig. 2). This 
peak was highly sensitive to processing, appearing very subtly in un-
processed samples but becoming very prominent after a single extrusion 
(processing). It should be noted that the location of this peak is quite 
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unfortunate since PP copolymers exhibit melting temperatures of 
135–150 ◦C (Gahleitner and Paulik, 2014) and this peak could subse-
quently be misinterpreted as being associated with a PP copolymer or 
multilayer structure during recycling quality management processes, 
which often incorporate DSC analysis (Grellmann and Seidler, 2011; 

Achilias, 2022; Cozzarini et al., 2023). Further investigation using light 
microscopy revealed that the peak was, in fact, attributable to β-spher-
ulites. Spherulite size was considerably smaller in processed labels, and 
black spots were visible in the micrographs. Color fragments (black spots 
in micrographs), such as pigments, can act as nucleating agents for 
β-spherulites (Tavanai et al., 2005) that are spread throughout the melt 
due to processing, causing nucleation to accelerate and resulting in 
smaller spherulites. Color fragments could be observed in SEM micro-
graphs but did not form agglomerates (Figure S1). Polymer phase sep-
aration was also not visible. 

3.2. Pre- and post-consumer label viscosity and processing parameters 

Melt viscosity and processing parameters, measured as the industry 
standard MFR and η0 as an analytical reference, were unpredictable for 
both pre- and post-consumer labels in addition to blends thereof (Fig. 3). 
Notably, blends of both pre- and post-consumer labels and virgin ma-
terial, that would typically be used to compensate for the poorer me-
chanical and processing properties of the recycled labels, did not follow 
linear mixing rules. The unpredictability of these blends means that 
recyclers may not be able to accurately predict the processing properties 
of their materials and may be forced to test and modify mold and ma-
chine parameters on a batch-by-batch basis at considerable effort and 
cost. 

Increasing pre-consumer label material content in blends comprising 
labels and virgin PP resulted in variations in MFR (Fig. 3a). Variations in 
MFR could be attributable to complex chain scission events or the 
presence, lack or varying concentration of stabilizers (Saikrishnan et al., 
2020; von Vacano et al., 2023). An unpredictable MFR or lack of con-
sistency with the linear mixing rule are highly relevant to industry, 
which relies on the MFR to estimate flow properties to subsequently 
select processing parameters. 

η0 of blends comprising labels and virgin PP increased with 
increasing label content and exhibited a closer fit to the linear mixing 
rule (Fig. 3b). However, some samples did vary considerably from their 
expected values, in an indirectly proportional relationship with the 
MFR—a high MFR resulted in low viscosity and vice versa (Baur et al., 

Fig. 1. Fourier transform infrared (FT-IR) spectroscopy of transparent, gray, red, and mixed color sections of pre- and post-consumer polypropylene (PP) labels. 
Notable bands (marked with crosses) at 843 cm− 1, 1067 cm− 1, 1279 cm− 1, 1643 cm− 1 and 1720–1728 cm− 1 differed from characteristic PP bands and were likely 
attributable to pigments or coatings in printed sections. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. Differential scanning calorimetry (DSC) thermograms of unprocessed 
(purple, Tm=145 ◦C) and processed (red, Tm = 148 ◦C) pre-consumer labels. 
These peaks are associated with β-spherulites (marked with arrows), shown in 
the corresponding micrographs. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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2019). In fact, measured MFR typically fell above the value estimated 
using the linear mixing rule, while η0 fell below the linear mixing rule in 
most cases. Factoring in indirect proportionality, η0 data typically 
agreed with MFR data and validated the use of MFR for quality man-
agement. This is significant since η0 data is not available to most re-
cyclers and consequently likely could not be used to inform recycling 
decisions. 

3.3. Mechanical properties of blends of pre- and post-consumer labels and 
virgin PP 

Pre- and post-consumer labels had a lower Et (1351 MPa and 1431 
MPa compared to 1777 MPa), σy (33.5 MPa and 32.0 MPa compared to 
39.4 MPa), considerably lower εB (476% and 512% compared to 839%) 
and approximately the same atN (38.5 kJ/m2 and 41.7 kJ/m2 compared 
to 40.6 kJ/m2) as virgin PP (Fig. 4). While not mechanically equivalent 
to virgin material, these properties indicated that recycled labels would 
still be mechanically suitable for extrusion or injection molding appli-
cations of PP with minimal esthetic and olfactory requirements, such as 
plant pots, storage boxes or waste containers (Christiani and Beckamp, 
2020). 

σy decreased only slightly with the addition of either pre- or post- 
consumer labels to virgin PP, with an overall average reduction of 
17% from pure virgin material to pure labels (Fig. 4a). Et decreased 
incrementally with increasing pre-consumer label content with an 
overall decrease of 24% between pure pre-consumer labels to pure 

Fig. 3. (a) Melt flow rate (MFR, g/10 min) and (b) zero-shear viscosity (η0, 
Pa•s) of pre- (red circles) and post-consumer (blue diamonds) labels. Calculated 
linear mixing rule is depicted using red and blue lines. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 4. (a) Yield stress (σy, MPa), (b) elastic modulus (Et , MPa), (c) elongation 
at break (εB, %) and (d) tensile impact strength (atN, kJ/m2) of blends con-
taining pre- (red circles) and post-consumer (blue diamonds) labels. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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virgin material (Fig. 4b). However, the addition of post-consumer labels 
was associated with more rapid decreases in Et, with a threshold value of 
approximately 50 wt.% labels already resulting in a minimum Et iden-
tical to that associated with pure post-consumer labels. 

εB was much more sensitive to label content, with a 23% decrease 
associated with the addition of only 10 wt.% pre- or post-consumer la-
bels (Fig. 4c). A threshold value of 40 wt.% pre-consumer labels resulted 
in a minimum identical to that associated with pure-pre consumer la-
bels. The same effect was witnessed in post-consumer labels, however, at 
a lower threshold value of 20 wt.%. atN was highly unpredictable in 
blends comprising labels and virgin material (Fig. 4d). 

The poorer mechanical properties of recycled labels compared to 
virgin PP can likely be attributed to impurities and agglomerates of 
pigments (Eyerer et al., 2008). However, polymer contamination can 
also lead to deterioration of mechanical properties (Van Belle et al., 
2020; Karaagac et al., 2021; 2021b). It should be noted that poor quality 
recyclates and inhomogeneous recyclate compositions resulting in 
inconsistent mechanical properties lead to high economic risk for in-
dustry (Schyns et al., 2021). 

3.4. Chemical and biological analysis of pre- and post-consumer labels 

Chemical analysis of unprocessed and processed pre- and post- 
consumer labels identified linear and cyclic hydrocarbons, aromatic 
compounds, unidentified hydrocarbons, and other unknown substances. 
Overall, 71 substances could be assigned Cramer Classes while 95 sub-
stances were unable to be identified. Most of the identified substances 
(73%) were classified as Cramer Class I (nontoxic with a threshold of 
1800 µg/person/day, Table S1). However, a considerable portion (21%) 
of the remaining identified substances were Cramer Class III (highly 
toxic with a threshold of 90 µg/person/day), with a much smaller 
number (6%) of Cramer Class II substances present (moderately toxic 
with a threshold of 540 µg/person/day) (Table 1). 

7,9-Di-tert-butyl-1-oxaspirol(4,5)deca-6,9-diene-2,8-dione and 2,6- 
ditert-butylcyclohexa-2,5-diene-1,4-dione (common name: 2,6-Di-tert- 
butyl-p-benzoquinone), which are degradation products of antioxi-
dants typically used in polymer production (García Ibarra et al., 2019), 
were present in all labels (both unprocessed and processed 
pre-consumer and processed post-consumer labels). 2,2-Dimethoxy-1, 
2-diphenylethanone, 2,6-di-tert-buty-4-hydroxy-4-methylcyclohexa-2, 
5-dien-1-one and ethyl 3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoate 
were identified in both unprocessed and processed pre-consumer labels 
but not post-consumer labels. This was likely due to dilution of sub-
stances to levels below the detection limit in the more heterogeneous 

post-consumer labels, compared to the more homogenous pre-consumer 
labels. 

[(1R,2R)-2-phenylcyclobutyl]benzene and (3,5-diphenylcyclohexyl) 
benzene can be associated with the presence of styrene-based substances 
and were only present in processed pre-consumer labels. This indicated 
that the concentrations of these substances may increase as a result of 
temperature or mechanical processing effects. Notably, biological 
analysis also led to positive results in the miniaturized Ames test. Both 
test conditions TA98-S9 and TA100+S9 indicated the presence of DNA- 
reactive, mutagenic substances in processed and unprocessed material. 
These strains cover a range of mutagens: TA98 monitors frameshift 
mutations and TA100 point mutations, with and without metabolic 
activation through liver enzymes (which indicates that more than one 
substance group could be responsible for the positive result). That said, 
while mutagenic effects were noted, the responsible substance or sub-
stance group could not be identified through chemical analysis. The 
positive result does, however, indicate that the direct use of labels in 
recycling must be approached cautiously. 

Notably, over half of the substances identified, many of which were 
Cramer Class III, were associated with processed post-consumer labels, 
suggesting that this post-consumer material was considerably more 
critical than pre-consumer material. This is likely the result of systematic 
changes, processing and aging effects or accumulation of contaminants 
over the course of the material’s service life or in the waste stream. It 
could also simply be the result of the pre-consumer labels selected for 
this study being coincidentally considerably different (polymer, coating, 
pigments) from the post-consumer labels. 

It should be noted that only label migrates were analyzed, which 
would likely never contact a product being packaged using virgin ma-
terial due to the exterior location of the label on the packaging. These 
migrates could, however, be more problematic in recycled products 
where their dispersed nature results in a greater probability of them 
interacting with the packaged product. 

4. Conclusion 

Labels exhibit similar mechanical properties to most recyclates and 
can be suitable for extrusion or injection molding applications of PP with 
minimal esthetic and olfactory requirements, such as plant pots, storage 
boxes, or waste containers. However, the undesirability of labels as a 
recycling fraction is perhaps justifiable. Pigments contained in labels can 
cause shifts in FT-IR bands and act as nucleating agents for β-spherulites 
causing melting peaks that can be confused with copolymers or multi-
layered structures. This can disrupt common characterization and 

Table 1 
Cramer Class II and III substances identified in unprocessed and processed pre-consumer material and processed post-consumer material.  

Substance CAS No. Pre-consumer Post-consumer (processed) Cramer class 
Unprocessed Processed 

7,9-Di-tert-butyl-1-oxaspirol(4,5)deca-6,9-diene-2,8-dione 82304–66–3 × × × III 
2,6-ditert-butylcyclohexa-2,5-diene-1,4-dione 719–22–2 × × × II 
2,2-dimethoxy-1,2-diphenylethanone 24650–42–8 × × - III 
2,6-di-tert-buty-4-hydroxy-4-methylcyclohexa-2,5-dien-1-one 10396–80–2 × × - III 
Ethyl 3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoate 36294–24–3 × × - II 
[(1R,2R)-2-phenylcyclobutyl]benzene 20071–09–4 - × - III 
(3,5-diphenylcyclohexyl)benzene 28336–57–4 - × - III 
2,6-di(propan-2-yl)naphthalene 24157–81–1 - - × III 
3,5-dichloroaniline 626–43–7 - - × III 
Diphenylmethanone 119–61–9 - - × III 
Heptadecanenitrile 5399–02–0 - - × III 
Hexanedecanitrile 629–79–8 - - × III 
(4-methylphenyl)-phenylmethanone 134–84–9 - - × III 
Phenyl-(4-phenylphenyl)methanone 2128–93–0 - - × III 
Nonanenitrile 2243–27–8 - - × III 
Pentadecanenitrile 18300–91–9 - - × III 
2,4-ditert-butyl-6-nitrophenol 20,039–94–5 - - × III 
3,5-di-tert-butyl-hydroxybenzaldehyde 1620–98–0 - - × II 
2,6-ditert-butylphenol 128–39–2 - - × II  
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quality control techniques used in the recycling sector. More impor-
tantly, labels also exhibit highly unpredictable melting properties that 
lead to problems in processing using the industry standard melt mass- 
flow rate. Linear mixing rules consequently cannot be applied to 
blends of labels and virgin material, meaning that recyclers may be 
unable to predict processing parameters and be forced to test and modify 
mold and machine parameters on a batch-by-batch basis at considerable 
effort and cost. The elongation at break of these blends is also highly 
sensitive to label content, meaning that even low (10 wt.%) quantities of 
labels will compromise the mechanical properties of virgin-recyclate 
blends. Labels present additional processing challenges and safety con-
cerns in the form of Cramer Class III toxic substances, most of which 
appear in processed post-consumer labels due to the heterogeneous 
nature of this material stream. Potential DNA-reactive, mutagenic ef-
fects were detected with in vitro bioassays both before and after 
processing. 

Labels can certainly be recycled and could have useful applications; 
however, they are a minor (just ~2% of the total mass of a bottle 
packaging product) and likely not economically viable fraction that 
would require additional processing and infrastructure changes to pro-
cess. This small fraction would otherwise be incinerated or could, in 
light of very high circularity ambitions, be included (as a minor 
component) in a co-fed stream for chemical recycling technologies, such 
as pyrolysis. Other more viable recycling fractions are abundantly 
available. It is also worth noting that concentrating undesirable com-
ponents, such as pigments, into a single, small, and easily removable 
label, might even enhance recycling as contaminants are restricted to a 
single packaging component. The use of compounds in labels, adhesives 
and pigments is also differently regulated compared to food-contact 
packaging material, which lends additional support to assigning labels 
a sacrificial ‘transport vector’ out of recycling streams. Alternatively, if 
use as a recyclate is intended, design for recycling principles should be 
applied during label, adhesive and pigment design. Setting aside their 
possible use as recyclate, labels can play a systemic role and serve as 
recyclability enablers for the base packaging material. The important 
role of labels in ambitious recycling schemes is, however, likely of a 
different systemic nature: Educating customers on how best to sort and 
recycle their packaging, which would likely have a far greater impact on 
reducing contamination, improving recyclates and scope of application. 

CRediT authorship contribution statement 

Jessica Schlossnikl: Conceptualization, Writing – original draft, 
Writing – review & editing, Investigation. Elisabeth Pinter: Writing – 
original draft, Writing – review & editing, Investigation. Mitchell P. 
Jones: Conceptualization, Writing – original draft, Writing – review & 
editing. Thomas Koch: Investigation, Writing – review & editing. 
Vasiliki-Maria Archodoulaki: Funding acquisition, Project adminis-
tration, Supervision, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

The authors acknowledge the assistance of Elisa Mayrhofer and 
Veronica Osorio (Austrian Research Institute for Chemistry and Tech-
nology) in toxicology analysis. This research was funded by the FFG – 

Austrian Research Promotion Agency, as part of the project ‘Pack2the-
Loop’ (#907682). We thank the TU Wien Bibliothek for financial sup-
port through its Open Access Funding Program. 

Supplementary materials 

Supplementary data associated with this article can be found, in the 
online version, at 10.1016/j.resconrec.2023.107299. 

References 

Achilias, D.S., 2022. Thermal analysis in polymer recycling. Therm. Anal. Poly. Mater. 
485–508. https://doi.org/10.1002/9783527828692.CH14. Available at.  

Agbaje, O.B.A., et al., 2017. Architecture of crossed-lamellar bivalve shells: The southern 
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