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Introduction

Plastics are widely used in numerous applications due to their versatility 
and  advantageous  properties  compared  to  alternative  materials.  The 
diversity of polymers makes them ideal for manufacturing a broad range of 
products; however, this also results in a highly complex waste stream at 
the  end  of  life.  Effective  waste  management  is  therefore  essential  to 
minimize  environmental  impact  and  move  toward  a  circular  plastics 
economy [1–3]. 

Mechanical recycling is the most commonly applied method, particularly 
for post-industrial plastics  [4].  This process involves sorting, grounding, 
washing, drying and re-extruding plastics into pellets while preserving 
their properties as much as possible. However, recycling post-consumer 
plastics remains challenging due to the heterogeneous and contaminated 
nature of  this  waste stream  [5].  A major issue is  the presence of  IAS 
(Intentionally Added Substances), such as inks, additives, and adhesives 
[6,7].  Flexible  packaging,  in  particular,  is  often  heavily  printed  for 
informational and marketing purposes [8,9]. If inks are not fully removed 
during recycling,  the resulting recyclate  is  dark-colored,  with  reduced 
stiffness, strength, and density compared to virgin plastics, lowering its 
economic value.  Furthermore,  ink degradation during re-extrusion can 
lead to unpleasant odors [6,9]. 
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Although several de-inking technologies have been developed, colorant 
staining  remains  a  persistent  problem.  While  inks  may  be  removed, 
pigments often re-adsorb onto the polymer, resulting in recyclates with a 
colored shine after extrusion. This effect becomes more pronounced at 
industrial  scale,  where  medium circulation  and  colorant  accumulation 
occur   [10].  Observed  re-adsorption  behavior  resembles  that  of  VOCs 
during plastic washing[11–14] and disperse dyeing in textiles  [15–17] , 
where  a  dynamic  equilibrium  exists  between  dissolved  colorants  and 
adsorption onto the substrate.

This research aimed to gain insight into the mechanism and kinetics of 
staining during water-based de-inking of plastic films. Kinetic models were 
developed and implemented in Aspen Plus to evaluate the influence of 
process  parameters  such  as  residence  time,  ink  load,  wastewater 
treatment efficiency, and flow patterns. Based on these insights, strategies 
are proposed to mitigate staining through optimized process design, media 
management, Design for Recycling guidelines, and fine-tuning of washing 
medium composition.

Materials and methods

LDPE films were coated with solvent-based inks containing yellow diarylide 
(PY  13)  and  red  azo  lake  (PR  57:1)  pigments.  Initial  ink  loads  were 
quantified by ICP-OES (PR 57:1) and ion chromatography (PY 13). De-
inking was performed in 2 wt% NaOH solution with 9.2 mmol·L⁻¹ CTAB at 
80 °C and 500 rpm stirring.  UV-VIS spectrophotometry was utilized to 
measure the concentrations of dissolved and solubilized pigments at 453 
nm (PY 13) and 489 nm (PR 57:1).

Experiments  included screening for  adsorption–desorption by  repeated 
washing, and kinetic studies for de-inking, dissolution/solubilization, and 
adsorption–desorption.  First-order  kinetic  models  for  de-inking, 
dissolution/solubilization, and adsorption–desorption were established via 
nonlinear regression and implemented in Aspen Plus to simulate effects of 
residence  time,  ink  load,  wastewater  treatment  efficiency,  and  flow 
configurations (single reactor, co-/counter-current, crossflow).

Results 

Screening  experiments  confirmed that  staining results  from reversible 
adsorption–desorption of colorants released during de-inking. After initial 
washing, high pigment concentrations were detected in the medium, and 
subsequent  washes  demonstrated  partial  desorption,  supporting  the 
dynamic  equilibrium  hypothesis.  Microscopic  analysis  confirmed  that 
colorants were adsorbed superficially on the LDPE surface, without distinct 
penetration  into  the  polymer  matrix.  Kinetic  studies  revealed  that 
dissolution and solubilization of pigments followed first-order behavior, 
with PR 57:1 exhibiting faster dissolution and higher solubility than PY 13, 
while PY 13 showed stronger adsorption to plastics. Adsorption–desorption 
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kinetics  indicated  that  equilibrium  was  not  reached  within  2  hours, 
emphasizing the need for rapid de-inking to minimize contact time. 

Process simulations demonstrated that staining increases with residence 
time, ink load, and poor wastewater treatment due to higher dissolved and 
solubilized pigment concentrations. Flow configuration strongly influenced 
adsorption: co-current setups slightly increased staining, while counter-
current  reduced  adsorption  by  up  to  85%,  and  crossflow  achieved 
negligible  uptake  (<0.5  ppm)  through  frequent  media  refreshment. 
However,  desorption  was  limited,  even  under  optimized  conditions, 
indicating prevention is more effective than removal. Design for Recycling 
strategies,  such  as  primers,  reduced  ink  coverage,  and  optimized  ink 
formulations,  were  identified  as  essential  complementary  measures  to 
minimize staining and improve recyclate quality.

Conclusions

Scaling up de-inking revealed that plastics often remain stained despite 
complete ink removal, reducing recyclate quality. Staining occurs through 
reversible adsorption–desorption of colorants released during de-inking 
and  increases  with  residence  time,  ink  load,  and  poor  wastewater 
treatment.  Simulations  showed  that  minimizing  contact  time  and 
improving  media  management,  especially  using  counter-current  or 
crossflow  configurations,  substantially  reduces  staining.  Design  for 
Recycling measures, such as primers and optimized ink formulations, are 
essential to further mitigate this issue and enhance recyclate value.
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