Emergent Materials
https://doi.org/10.1007/542247-025-01024-9

ORIGINAL ARTICLE ——

®

Check for
updates

Utilization of polyethylene waste for designing foamy oil sorbents

Sarah M. Hailan? - Zuzana Nogellova® - Anton Popelka' - Marketa licikova*® - Miroslav Mrlik* - Antonin Minaiik®® -
Filip Mikulka® - Gordon McKay' - Igor Krupa®®

Received: 12 October 2024 / Accepted: 27 January 2025
© The Author(s) 2025

Abstract

Recycling low-density polyethylene (LDPE) in its original form presents several challenges, including limited interest
from converters, poor market demand for recycled products, higher sorting and cleaning costs, and reduced quality in
the final products. It happens because recycled LDPE often exhibits lower mechanical strength and diminished aesthetic
appeal than its virgin counterpart, making it rarely suitable for its original purpose, especially in packaging. Therefore,
new applications for LDPE recyclates are needed to overcome these barriers and extend the material’s lifecycle. One such
solution involves converting LDPE waste into foamy sorbents for water purification. The presented study investigated
two strategies for recycling LDPE waste by exploring the potential of the modified waste to remove free oil spills. The
first approach involves preparing and characterizing robust, mechanically stable foams using recycled waste from LDPE
packaging. The process is based on parallel foaming and crosslinking of LDPE by peroxides. The final foamy structure
(Foam 1) possesses around 75 vol% of pores (46 vol% open pores) and rapidly absorbs various organic liquids quickly
(hexane, diesel oil, crude oil) in multiple cycles. The second target deals with the screening, testing, and characterizing
of LDPE-based foams that were initially used for various packaging and deposited as waste to explore their potential free
oil sorbents. The foam that was used in this study has a significantly porous structure, having 96 vol% of pores and more
than 89 vol% open pores (Foam 2). Whereas the sorption capacity of Foam 1 was 4-5 g/g, depending on the type of oil,
Foam 2 absorbed those oils in the range of 8-12 g/g. The Foam 1 showed significantly better stability over multiple cycles
and better mechanical performance.
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predominantly in packaging, generates the largest share of
plastic waste [1]. Packaging alone accounts for about 46%
of plastic waste [1, 2]. However, recycling plastic, mainly
low-density polyethylene (LDPE), is associated with big
challenges. These issues include low demand from convert-
ers, the limited market appeal of recycled products, higher
costs regarding sorting and cleaning, lowered quality and
mechanical behavior, and poorer aesthetic performance
compared to neat materials [3]. New utilization of LDPE
recyclates originating from various sources, particularly
packaging, is required to address these challenges, extend-
ing the lifespan of plastics. This problem is even more chal-
lenging when LDPE is involved in multilayered packaging,
such as TetraPak. In this case, LDPE/Aluminium bilayers
are hardly separable and need special attention for practical
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recycling [4]. One of the perspective options seems to be
transferring polyethylene waste into sorbents applicable
for oil/water separation. This approach includes powdered
adsorbents for oil purification in oil-water emulsions [5, 6]
and PE-based foams and mats that efficiently absorb free oil
spills [7]. Oil removal is a critical water treatment compo-
nent, particularly for managing oil spills and treating con-
taminated wastewater [8, 9].

While 3D polymer structures like foams, sponges, and
wools made from polyethylene are less commonly used for
oil sorption, materials such as polydimethylsiloxane [10],
melamine [11], and polyurethane foams [12] are favored
due to their significantly higher sorption capacities. These
materials allow easy oil recovery through squeezing, mak-
ing them reusable [13, 14]. Additionally, these advanced
sorbents offer key advantages, including customizable wet-
tability, environmental safety, and scalability.

Polyolefin-based sorbents offer a promising approach to
water purification by addressing plastic waste accumulation
while harnessing the beneficial properties of polyolefins for
this purpose [15, 16].

Commercial LDPE foams are primarily used for packag-
ing and insulation. They can have various densities, porosi-
ties, formulations, and designs. Mostly, they are closed-cell
foam. It provides resistance to water and strength and rigid-
ity that are not present in open-cell foams. For example,
an open pore structure can be formed by supercritical CO,
foaming. Binbin Sun et al. [17] prepared highly open-porous
foams from ultra-high molecular weight PE (UHMWPE).
They were applied to remove various organic liquids (methyl
alcohol, chloroform, ethanol, hexane, xylene, dichlorometh-
ane). The observed fast sorption with absorption capacity
ranges from 4 to 10 g/g, depending on the type of liquid.
Foams also showed excellent stability and high absorption
capacity over ten cycles. Similarly, Su et al. [18] created
UHMWPE foams by dissolving the polymer in p-xylene
and freeze-drying the solution under vacuum conditions.
The foams’ absorption capacities ranged from 28 to 85 g/g
for cyclohexane and carbon tetrachloride. An interesting
porous structure on the base of linear LDPE was studied by
Nam et al. [19-21]. They explored the preparation, charac-
terization, and large-scale potential of polyethylene-based
porous networks, known as i-Petrogel, which exhibit a high
sorption capacity for organic liquids. The study involved
linear low-density polyethylene (LLDPE) crosslinked by
poly(1-decene-co-divinylbenzene) copolymer [19-21].
These materials can absorb a wide range of organic solvents
and oils, with capacities reaching up to 40 g/g.

Recently, Sun et al. [22] developed an ultra-lightweight
foam based on UHMWPE and high-density polyethylene
(HDPE) using microcellular foaming technology. The com-
posites were prepared by hot-melt blending the components
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in various ratios at 190 °C, followed by hot pressing at the
same temperature. Foaming was performed by CO,. The
absorption capacity of the foam was 9.8 g/g for cyclohexane
and 15 g/g for carbon tetrachloride. In another paper, Sun et
al. [23] graphite nanoplatelets (GNPs) were added to UHM-
WPE by melt blending, then foaming the composite using
supercritical CO, microcellular foaming technology. Add-
ing GNPs enhanced the cell growth and expansion rate of
UHMWPE. However, this study focuses on utilizing LDPE
waste to remediate free oil spills. The first target involves
preparing and characterizing robust, mechanically stable
foams using recycled waste from LDPE packaging. The
second is a screening, testing, and characterization of poly-
ethylene foams initially used for various packaging and dis-
carded as waste to explore their potential free oil sorbents.

2 Experimental
2.1 Materials

Foams were prepared from recycled LDPE from Twyla
(Qatar). LDPE has a specific density of 0.915 g/cm?, a melt-
ing point of 108.2 °C, and a specific enthalpy of melting of
45 J/g. The blowing agents (BA) were composed of 1,1'-azo-
biscarbamide, including Genitron AC2 (Schering Polymer
Additives, UK), PB-20, and MB-1000 (Hangsun Plastic
Additives Co. Ltd., China). Crosslinking was achieved
using 2,5-dimethyl-2,5-di-(tert-butylperoxy)hexyne-3
(Luperox130, Arkema, France) and dicumyl peroxide (DCP,
Sigma-Aldrich, USA). LDPE, BA, and crosslinking agents
(XA) were blended in various ratios for 10 min at 140 °C in
a Plastograph (Brabender GmbH & Co. KG, Duisburg, Ger-
many). The BA content was 5, 7.5, 10, and 15 phr (grams
of BA per 100 g of a mixture), and the XA content was 0.5,
0.75, 1, 1.5, and 2 phr (grams of XA per 100 g of a mix-
ture). The mixtures were hot-pressed in a cylindrical mold
at 160 °C for 3 min. This step was followed by an additional
heating step at 180 °C for 13 min to promote crosslinking.
Lastly, the sample was placed in an oven and maintained at
180 °C for 25 min to decompose the BA, forming the foamy
material. Compositions and morphologies of some foams
are shown in S1. Foams were first characterized visually
by an optical microscope and by determination of specific
densities. Foam #5 (S1) was used to test oil sorption perfor-
mance. It was prepared using AC 2 blowing agent (10 phr)
and 1 phr of DCP Fig. 1.

For a comparison, apart from newly prepared foams from
recycled LDPE, we also tested polyethylene foam collected
from waste that initially served as a packaging material for
a computer.
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Fig. 1 The shaping form (A), the sample before foaming in an oven (B), and a prepared Foam 1 (C)

Absorption experiments were performed using hexane
(dynamic viscosity: 0.31 mPa-s; specific density: 0.660 g/
cm?®), diesel oil (dynamic viscosity: 3.4 mPa-s; specific
density: 0.850 g/cm?®), and crude oil (dynamic viscosity: 12
mPa-s; specific density: 0.990 g/cm?,). All these values were
measured at a temperature of 20 °C.

2.2 Absorption test

Absorption tests were done using cuboid samples measur-
ing 1.5x1.5%0.1 cm. These samples were immersed in a
selected oil at a temperature of 22 °C, and their mass was
recorded at predetermined intervals. Each test was repeated
three times to ensure reliability, and the collected data were
utilized to analyze the absorption kinetics. Multiple sorp-
tion and desorption experiments tested the reusability of the
foam were performed. In these tests, the foams were sub-
merged in oil for one hour, after which the oil was manually
squeezed. The foams were then re-immersed in oil without
any prior cleaning or treatment, and this cycle was repeated
ten times. The oil was manually extracted from the saturated
samples by squeezing them in a syringe. It ensured a con-
stant deformation across all samples.

The porosity of the samples was assessed using a disk-
shaped cut measuring 5 mm in diameter and 10 mm in
height. The measurement was done by computer microto-
mography (CT) using a SkyScan Unit (Model 1174, Bruker,
New York, NY, USA). The unit was equipped with an X-ray
source operating between 20 and 50 kV at a maximum
power of 40 W and an X-ray detector (Bruker, New York,
NY, USA). A CCD 1.3 Mpix unit was coupled to a scintil-
lator via a lens with a 1:6 zoom range. Projection images
were recorded at angular increments of 0.3° with a tube
voltage set at 31 kV and a current of 529 pA. Each expo-
sure lasted for 10 s. Three-dimensional reconstructions were
created using the preinstalled CT image analysis software
(e v1.16.4.1, Bruker, New York, NY, USA). Moreover, the
pore size distribution was investigated from the foam cross-
sections using an Eclipse 551 optical microscope (Nikon,
Japan) equipped with an EOS 200D camera (Canon, Japan).

Porosity analysis was performed using ImageJ software ver-
sion 1.5 (W. Rasband, National Institute of Health, United
States). The acquired photo was contoured to grayscale and
then converted to binary format. The “Set scale” function
adjusted the photo size from pixels to micrometers. The
“Analyze particles” function was used in this modified
photo, and the analysis results were displayed using a histo-
gram and a distribution curve.

2.3 SEM analysis

The morphology of the foams was visualized and examined
using a Nova Nano SEM 450 scanning electron microscope
(SEM, Osaka, Japan) operating at 20 kV.

2.4 Wettability measurement

The surface wettability of foams was characterized using
the OCA35 optical system (Data Physics, Filderstadt, Ger-
many) through the sessile drop technique. Distilled water,
hexane, diesel, and crude oil were the testing liquids. Exper-
iments were conducted under atmospheric and submerged
environments (crude oil). A volume of 1 pL of each liquid
was deposited, and the results were averaged from six inde-
pendent measurements to ensure statistical reliability.

2.5 Mechanical properties

In compression mode, dynamic mechanical properties were
characterized using a dynamic mechanical analyzer (DMA
1, Mettler Toledo, Switzerland). Measurements were con-
ducted at a frequency of 1 Hz, with deformation levels rang-
ing from 1 to 90%, all at room temperature. The compact
rheometer Physica MCR-502 (Anton Paar, Austria) was
employed for the compression test. The typical stress-strain
experiments in compression mode have been applied, where
the initial sample was in the form of a cylinder with a diam-
eter of 10 mm and 12 mm in height. The Peltier geometry
was used with upper cell PP10. The measurements were
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performed at 25 °C. The initial pre-stress of 0.02 N was
used to make initial contact between the geometry and the
sample.

2.6 Thermogravimetry (TG)

The thermal stability of the composite was determined by
carrying out a thermogravimetric analysis (TGA) from
room temperature to 600 °C with a heating rate of 10 °C/
min in a nitrogen atmosphere using a TGA 4000 (Perki-
nElmer, USA) analyzer.

3 Results and discussion
3.1 Characterization of crosslinking efficiency

Crosslinking is crucial for ensuring the stability of the final
foamy structure. It helps prevent pore collapse during the
foaming process and guarantees that the final product pos-
sesses the desired mechanical strength. The various per-
oxide concentrations were tested to evaluate crosslinking
efficiency before foaming. This efficiency was assessed in
terms of the insoluble (gel) content. The gel content (g) was
quantitatively determined through gravimetric analysis after
24 h of extracting samples in boiling xylene, as outlined in
Eq. (1). Three samples were analyzed for gel content deter-
mination, with the xylene being refreshed every six hours.
Megtr

g=— = 100% (1)
0

where m,,, [g] represents the mass of the sample after
extraction, while m, [g] denotes the initial mass of the
sample.

It was found that 1 phr of peroxide led to the gel con-
tent formation of 98 wt%, indicating a highly crosslinked
structure.

Fig. 2 The real-time reconstruction
of the foam structure using com-
puter tomography where (a) is Foam
2 and (b) is Foam 1. The diameter of
the investigated structure was 5 mm,
and the height was 10 mm
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3.2 Morphology and porosity of the foams

The porosity of both foams was first estimated from the spe-
cific density measurements according to Eq. (2). The spe-

cific density of air was neglected, and p; pp=0.919 g.cm ™.

p oam
R 2

¢ pores
P LDPE

The cube size (2x2x2 cm) and the mass determined the
related densities. The specific densities were 0.230+£0.02 g.
cm > for Foam 1 and 0.033+0.001 g.cm > for Foam 2. The
pore volume contents calculated from Eq. (2) are 0.75 for
Foam 1 and 0.96 for Foam 2. These values give a total
pore volume accounting for open and closed pores. Deeper
insight into the foam porosity was performed using com-
puter tomography, which enables the direct determination
of the open pores within structures. As shown in Fig. 2,
Foam 1 has a significantly porous structure with more than
89% of the open pores and a high roughness factor. On the
other hand, Foam 1 showed a different structure, and the
open pores were only 46%. The surface is more compact
with considerably lower roughness, as confirmed by other
investigations.

The pore size distribution investigation (Fig. 3) proved
that most pores of Foam 2 (Fig. 3a) range from 1800 pm
to 2000 um and show an overall porosity of 90.8%. How-
ever, in the case of foam 1(Fig. 3b), most pores start from
1200 pm to 1800 pm, indicating a broader pore size distri-
bution with overall porosity. Generally, the pores are spheri-
cal and oval, according to the images in Fig. 3a and b insets.

3.3 Surface wettability

The rates at which oil and water are absorbed play a cru-
cial role in the oil/water separation process, as only the oil
component must be absorbed while minimizing or elimi-
nating water sorption. This behavior is influenced by the

(b)
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Fig. 3 Pore size distribution of Foam 2 (a) and Foam 1 (b) where figure insets are eclipse optical microscopy images of the corresponding foams.

The scale bar in the figure insets is 5000 um

wettability of the sorbent surfaces toward both water and oil
[24, 25], which is typically assessed through contact angle
measurements for liquids with varying polarities. The con-
tact angle is affected by the material’s chemical composi-
tion, surface roughness, and morphology [26, 27]. In this
context, the contact angles of crude oil and water determine
the wettability of the foams. Both foams rapidly absorbed
all the oil, resulting in a zero contact angle. Different behav-
iors were observed when water was used to wet the foams.
PE is an inherently hydrophobic material due to its nonpolar
character, having a contact angle for distilled water (WCA)
around 90° [28]. Chemical and physical modifications of
smooth PE surface can lead to the significantly enhanced
hydrophobicity characterized by high WCA [28].

The WCA of 133+3° confirmed the hydrophobic char-
acter of Foam 1. Correctly determining WCA for Foam 2 is
more complicated due to the roughness and surface hetero-
geneity [29, 30]. These factors strongly influence the mea-
sured value, which was estimated as 71+3° Fig. 4.

3.4 Thermogravimetric analysis (TGA)

TGA was performed to characterize the foams’ thermal sta-
bility, as shown in Fig. 5. Except for both foams, the origi-
nal material used to prepare Foam 1 was tested (r-LDPE).
As for Foam 2, because it was not prepared by our team
and was selected as an example of foam from packaging
waste, we do not have the original, neat material used for
this foam preparation. The TG characterization indicates the
following:

i) The thermal stability of Foam 1 is higher than the ther-
mal stability of Foam 2. These may have two reasons.
Firstly, the neat LDPE used for the preparation of Foam
1 has a higher molar mass than the LDPE used for the

preparation of Foam 2, or the thermal stabilization of
the former is more efficient than the latter.

ii) A comparison of the neat LDPE (marked as r-LDPE)
and the prepared Foam 1 shows that the former’s ther-
mal stability is higher than the latter. This effect is prob-
ably caused by the additives (foaming agent a peroxide)
used for foaming. It is also observed that Foam 1 con-
tains some substances incorporated within the Foam
1 structure. These compounds are released when the
Foam 1temperature reaches around 250°C. These com-
pounds (rich in oxygen) also probably enhance the deg-
radation process of Foam 1. Nevertheless, both foams
are sufficiently stable up to 250°C for their use as oil
sorbents.

3.5 Kinetics of absorption

The dependence of the absorption capacities (M;) of Foam 1
and 2 on the sorption time for hexane, diesel oil, and crude
oil are shown in Figs. 6 and 7, and 8. The experimental data
are evaluated against specific models, as detailed in the fol-
lowing sections.

In all cases, we observed very rapid sorption of all oils
into both foams, and the M, dependences reached an appar-
ent plateau in 10-20 s. These extremely high sorption rates
are generally more common for highly porous melamine
and polyurethane foams [11] rather than foamed thermo-
plastics [16, 17].

The reason for such fast sorption is the presence of the
interconnected open pores with a suitable size and tortuosity
within a foamed structure [31].

Different kinetic models have often been tested to
describe the experimental time dependences of free oils
sorption by porous structures [32-34]. The pseudo-first-
order (PFO) [32] and pseudo-second-order (PSO) [33]
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Fig.4 Wettability of foams by water and crude oil. Water and crude oil were colored for better visibility

models are commonly employed to describe oil sorption
in porous materials. These models can often effectively fit
experimental sorption data [35-37]. However, their rel-
evance for describing sorption processes is somewhat dis-
putable because the diffusional process cannot be neglected.
As recently discussed by Azizian [38], it may only be a
coincidence based on the shape similarity of the curves, and
fitting parameters may have a questionable physical mean-
ing. Azizian et al. [38] proposed the so-called ‘fractal-like
linear driving force (FL-LDF)’ model (Eq. (3)) to describe
the sorption of liquids into porous substrates.

My = Mzl — exp (—Dr1t)) 3)

where m, [g/g] represents the mass of liquid absorbed per
mass of sorbent, while m_,, [g/g] denotes the maximum
mass of liquid absorbed per mass of sorbent. The mass
transfer coefficient as indicated by D’ [time *] is the mass
transfer coefficient, t [s, min] refers to the duration of the
experiment, and o [-] is dimensionless fractal constant
(0<a<l).

@ Springer

The comparisons of results with the FL-LDF model are
shown in Figs. 6 and 7, and 8, and the parameters D’ and a
are summarized in Tables 1 and 2. The model fits all the data
with an appropriate accuracy.

Another model utilized is the generalized non-Fickian
diffusional model, first introduced by Ritger and Peppas
[39, 40]. This model interprets the non-Fickian drug release
from moderately swelling polymeric structures, as repre-
sented in Eq. (4).

M,

oo

=kt )

In the original studies, M, and M, represent the mass con-
centrations of a released species at a given time, t and as
time approaches infinity, respectively. The constant k incor-
porates characteristics of both the network (medium) and
the species, while n denotes the diffusional exponent. When
n=1/2, the model depicts Fickian diffusion, which occurs in
homogeneous systems without boundaries - such as pores,
swollen and dry regions, and areas with varying physical
states (e.g., glassy or rubbery). However, the infiltration of
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Fig. 6 Absorption capacity (M,) of Foam 1(left) and Foam 2 (right) for hexane compared with the Power law model (blue dashed) (left), FL-LDF

model (red), and Fickian model (green dotted)

liquids into foams deviates significantly from Fickian diffu-
sion [39, 40], as evidenced by n values that are considerably
less than 0.5. The process itself comprises three stages: (i)
the diffusion of oil into the empty air-filled pores, (ii) the
diffusion of oil into the bulk material (matrix), and (iii) the
completion of the process through the volumetric changes
of the sorbent during sorption. The exceptionally rapid sorp-
tion rate in the initial phase (within a few tens of seconds) is
likely due to oil penetration into the highly interconnected

pores. Concurrently, but at a slower rate, oil diffuses into
less accessible pores and the solid polymeric walls.

In principle, two basic mechanisms for oil sorption into a
foam can be considered. As discussed above, the first model
group considers diffusion as the key sorption mechanism.
The diffusion requires a chemical potential (a concentration
gradient) to drive sorption processes. The second concept
is based on the “sucking” of oil into the solid porous struc-
tures by capillary surface tension forces. In the latter, this

@ Springer
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Fig. 7 Absorption capacity (M,) of Foam 1(left) and Foam 2 (right) for Diesel oil compared with the Power law model (blue dashed) (left), FL-
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Fig. 8 Absorption capacity (M,) of Foam 1(left) and Foam 2 (right) for crude compared with the Power law model (blue dashed) (left), FL-LDF

model (red), and Fickian model (green dotted)

Table 1 Parameters of the FL-LDF and power law models for foam 1

Table 2 Parameters of the FL-LDF and power law models for foam 2

Models/Parameters Hexane Diesel oil Crude oil Models/Parameters Hexane Diesel oil Crude oil
M = Mpax[l — exp (=Drt*)] M = Mpaz[l — exp (=Drt*)]

M, [g/g] 4.53 (0.12) 4.83 (0.11) 5.11 (0.26) M, .. [g/g] 8.2(0.3) 12.5(0.4) 12.2 (0.4)

D’ [min'] 0.72 ((0.27) 0.95(0.01) 1.41 (0.25) D’ [min '] 1.71 (0.41) 1.24 (0.52) 0.61 (0.08)

al-] 0.1 (0.02) 0.28 (0.01) 0.06 (0.02) al-] 0.25 (0.06) 0.21 (0.08) 0.32 (0.05)

R? 0.99992 0.99766 0.99947 R? 0.99824 0.99952 0.99937
e = kt" Are = kt"

k [(g/g).min™] 0.79 (0.04) 0.65 (0.03) 0.78 (0.03) k [(g/g).min™] 0.82 (0.05) 0.68 (0.05) 0.48 (0.06)

n[-] 0.05 (0.02) 0.1 (0.01) 0.28 (0.02) n[-] 0.06 (0.02) 0.06 (0.01) 0.16 (0.03)

R? 0.99992 0.97457 0.99924 R? 0.99942 0.99956 0.99946

process does not necessarily have to be considered as ‘diffu-
sion’ because, per definition, diffusion is driven by a gradi-
ent in the Gibbs free energy, which may not always be the
main driving force. For this reason, some authors explained
absorption as a consequence of the capillary effect as the
key mechanism of liquid penetration into empty (air-filled)
porous materials [41, 42]. In this case, the driving force is
the pressure gradient.

@ Springer

3.6 Water sorption

Water absorption is another parameter influencing the func-
tionality of foams regarding their oil removal applications.
The hydrophobic surface is needed to repel water and mini-
mize water sorption. Hydrophobicity, like wettability by any
liquid in general, is controlled by the chemical composition
of the material and its surface morphology. Polyethylene is
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inherently hydrophobic material due to its nonpolar char-
acter, having a contact angle for distilled water around 90°.

The foams investigated in this study show significantly
different behavior if immersed in water or floating at the
free water surface (Fig. 9). Foam 1 absorbed a relatively
high amount of water, up to 1.5 g/g (mass of absorbed water/
mass of a foam). This phenomenon is caused by the filling
of large outer pores (immediate sorption) and continues by
slight absorption during a more extended period due to cap-
illary forces. Here, the sorption of water for one hour was
investigated. Foams were floating on the free surface during
the whole experiment.

On the other hand, Foam 2 showed a significantly lower
water sorption capacity. After one hour, the maximum value
was 0.14 g/g. This behavior is because of the very differ-
ent morphology of Foam 2 in comparison to Foam 1. Foam
2 has a much smoother surface and smaller and uniform
pores. A small amount of water is mainly absorbed in open
pores on the surface, and it happens instantaneously, but fur-
ther exposure to water does not lead to the addition of water
sorption.

3.7 Reusability PE foams

The ability to reuse sorbents is a highly sought-after char-
acteristic for all types, regardless of the recovery method
employed. Foamy sorbents, in particular, are often retrieved
for re-use through straightforward mechanical squeezing
[43].

The foams with dimensions 1.5x1.5x0.1 mm were
immersed in oil for ten minutes, and then the oil was
removed by squeezing using a syringe. Ten cycles were per-
formed for each foam and oil (Fig. 10).

Fig. 9 Water sorption M, [g/g] of Foam 1 and 2

M, [9/g]

1.6

1.2

04

0.0

In contrast to vacuum removal, a portion of the oil
becomes irreversibly trapped in the foam, making it impos-
sible to release through simple squeezing. The amount of
trapped oil depends on its viscosity, which varies between
10 and 20 wt% of the initially absorbed oil, and this is con-
stant and does not change with an increased number of
cycles. On the other hand, there is a significant difference
between Foam 1 and Foam 2. Foam 1 shows significantly
higher stability during cycling regarding the sorption capac-
ity for all the oils. The comparison of the sorption capacities
of Foam 1 between the first and the tenth sorption showed
a decrease in the sorption capacity of 6.9, 6.2, and 6.4% for
hexane diesel oil and crude oil, respectively. In the case of
Foam 2, these decreases were 28.5, 35.0, and 28.05% for
hexane, diesel, and crude oil, respectively. The recovery of
Foam 2 from the deformed state after squeezing was also
significantly slower than the same for Foam 1. Foam 1, due
to crosslinking, exhibits much better elasticity and shape
stability.

3.8 Mechanical properties

Dynamic mechanical analysis was performed (Fig. 11) in a
broad temperature range from 150 to 100 °C. The highest
temperature was kept around 10°C below the melting points
of both foams.

Storage modulus for both cases is significantly higher
than loss modulus, indicating good elastic properties. The
decrease of the storage modulus for both samples with an
increase in temperature is very slight, confirming the excel-
lent stability of the fabricated foams for such a broad temper-
ature range. Since during the intended potential application,
the foam is expected to be immersed in the various solvents
and then squeezed, the compression stress-strain curve was

T ¥ T X T x T ¥ T L2 T ¥ T
4 [7]Foam 2 4
—-—- Foam 1 ;
1130 I
T v T T T T T T T T T T
0 10 20 30 40 50 60
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Fig. 10 Hexane, diesel oil, and crude oil sorption M, [g/g] of Foam 1 and 2 for ten cycles

Fig. 11 Dependence of the storage (solid
symbols) and loss (open symbols) modulus
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determined (Fig. 12). It was confirmed that compression
comprising up to 60% of initial thickness leads to moderate
compression stress () increase up to 0.04 MPa or 0.06 MPa
for Foam 1 and Foam 2, respectively. Young’s modulus of
both foams was determined by fitting the experimental data
from the initial, linear deformation region (5%). The values
were 0.325 MPs and 0.22 for Foam 1 and 2, respectively.

4 Conclusions

This study explores transforming LDPE waste into foamy
structures that are applicable as free oil sorbents. The foam
was prepared from LDPE waste using 1,1'-azobiscarbamide
as the blowing agent. The structure of the foam was sta-
bilized by crosslinking with dicumyl peroxide. The foam
investigated in this study (Foam 1) was chosen based on

@ Springer
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the optimization of various components and processing con-
ditions (S1). For comparison and to explore the potential
of commercial LDPE foams, which were initially used for
packaging, the second LDPE foam (Foam 2) was selected
and tested under the same conditions as Foam 1.

Foaml possesses around 75 vol% of pores (46 Vol.%
open pores). It quickly absorbs various organic liquids (hex-
ane, diesel oil, crude oil) in multiple cycles, whereas Foam
2 has a more porous structure with 96 vol% (89% of open
pores). The organic liquids reported here as oil are hexane,
diesel oil, and crude oil. Whereas the sorption capacity of
Foam 1 was 4-5 g/g, depending on the type of oil, Foam 2
absorbed, while Foam 1 absorbed those oils in the range of
8—12 g/g. Foam 1 showed significantly better stability over
multiple cycles and better mechanical performance.

The recycling of LDPE encounters several obstacles,
including a lack of interest from converters, limited market
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Fig. 12 The stress-strain curve in the
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compression mode for Foam 1 (blue
solid line) and Foam 2 (black solid line).
The dotted lines are tangents that calcu-
late Young’s modulus (E) in compression
mode
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demand for recycled products, higher costs associated with
sorting and cleaning, diminished product quality, weakened
mechanical properties, and inferior aesthetic performance
compared to virgin LDPE. These challenges stem mainly
from the fact that recycled LDPE is rarely suitable for its
original intended use, especially in packaging. To overcome
these issues and prolong the material’s lifecycle, there is a
pressing need to explore new applications for LDPE recy-
clates. One promising avenue is converting LDPE waste
into foamy sorbents for water purification.

DMA characterized the mechanical properties of both
foams over a broad range of temperature intervals from
—150 to 100°C. Both foams demonstrated significant
mechanical stability within this range of temperatures. The
stress-strain curve in the compression mode characterized
the robustness of the foams. In addition, Young’s modulus
of both foams was determined by fitting the experimental
within from the initial, linear deformation region (5%). The
values were 0.325 MPs and 0.22 for Foam 1 and 2, respec-
tively, showing significantly higher mechanical robustness
of crosslinked foam.

This study shows the possibility of preparing foamy
structures from recycled LDPE that can be applied to
remove free oil spills. It follows that the transformation of
low-cost polymeric waste recyclates can extend the mate-
rial’s lifespan for different applications. The conversion of
LDPE waste into foamy sorbents for water purification is a
promising application. One significant benefit of polyolefin-
based materials is their environmentally friendly disposal at
the end of their life cycle. Pyrolysis has emerged as the most
efficient alternative to traditional landfilling. Unlike other
materials, polyolefin-based sorbents are free of harmful

20 30 40 50 60 70

Compressive strain [%]

elements like sulfur and nitrogen, which can release toxic
byproducts during combustion and negatively affect the
quality of pyrolysis outcomes. To further enhance the per-
formance of foams, future research should focus on opti-
mizing porosity by developing well-tuned open pores of the
right size and ensuring sufficient mechanical stability under
compression. This optimization will enable the foams to
withstand multiple squeezing cycles, similar to conventional
polyurethane or melamine formaldehyde foams. Achieving
this may involve varying blowing and crosslinking agents
and adjusting processing parameters like temperature and
crosslinking duration.
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