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Abstract: Foamed specimens were fabricated from virgin and recycled polyethylenes
(linear low-density polyethylene, LLDPE, and low-density polyethylene, LDPE) using
low-cost citric acid and sodium bicarbonate foaming agents. The foaming agents chosen
showed decomposition behaviour either without phase change (sodium bicarbonate, NaB)
or liquefaction followed by decomposition (citric acid, CA). The manufactured polyethylene
foams were then benchmarked against a polyurethane foam. Two types of mixing were
used prior to foaming, viz., solid-state pulverisation or high-shear internal mixing, and the
effect of mixing on properties critical for foam viability were analysed. These properties
included density, pore size, shape and distribution, crystallinity, and porosity. It was found
that the virgin LLDPE and recycled LDPE showed similar trends in terms of narrow pore
size distribution and reduced crystallinity, while the recycled LLDPE tended towards more
pore coalescence. This difference in behaviour was attributed to the more mixed phase
nature of the recycled LLDPE as opposed to the majorly single-phase virgin LLDPE and
recycled LDPE. Lowered densities obtained for the NaB foaming compared to CA can be
speculated to be because of the ionic and simple NaB decomposition as opposed to the
complex radical pathway for the CA decomposition.

Keywords: recycled polyolefins; foaming; pore size distribution; density; shear

1. Introduction
The structure, morphology, and properties of foam depend on a number of factors,

including the rheological and thermodynamic properties of the polymer/gas system, the
gas content, the processing conditions, and the foaming dynamics. It is crucial to control
the rheological behaviour of macromolecular viscoelastic materials that contain dissolved
gases at high concentrations at thermodynamic conditions conducive to the formation
of gas bubbles within the melt in order to optimise manufacturing processes of cellular
polymers [1–3]. The final morphology of foam is determined by the nucleation and growth
rate of the polymeric melt, which are in turn influenced by its physical and rheological
properties. There are several variables involved in the polymer/gas system, such as surface
tension, elongational viscosity, solubility, and diffusivity of gas [4]. It is expected that the
enhancement of the viscoelastic properties will inhibit cell growth and reduce cell wall
ruptures and collapses. In regard to polymers, foamability is strongly influenced by their
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rheological characteristics [4,5]. In order to achieve successful foaming, certain characteris-
tics are commonly reported as being necessary, including high melt strength to with-stand
elongational stresses during the growth of bubbles [6,7] It is also important to consider the
size of the processing window, which is determined by the difference between the melting
temperature (Tm) and the crystallisation temperature (Tc) in the case of semicrystalline
polymers or the glass transition temperature (Tg) in the case of amorphous polymers [3,8].
The most widely used polymeric materials to fabricate foams are polyurethane (PU) [9],
followed by LDPE + EVA (ethylene-vinyl acetate) blends [9], polyvinyl chloride (PVC) [10],
EVA [10], and polyester + PE blends [10]. Apart from PU, the development of foam materi-
als based on polyolefins and other polymers require the utilisation of so-called chemical
blowing agents (CBA) that are based on either exothermic mechanism (azodicarbonamide)
or endothermic mechanism (alkali carbonates or citric acid esters). A well-known phe-
nomenon is that dissolving the blowing agent can result in a plasticising effect on polymer
matrixes [3,8], which leads to a decrease in Tg and Tm. The gas dissolved in the melt can
cause a rapid increase in viscosity during bubble growth if the processing temperature
is near the glass transition temperature of an amorphous polymer [11,12]. The situation
is more complex in semicrystalline polymers, since the increase in free volume affects
both the crystallisation temperature and its kinetics [11,12]. By preventing cell coalescence,
crystallisation can also improve the foaming of low melt strength polymers. For the foam
to have a high expansion ratio and a considerable cell density, it is necessary to maintain
an optimal crystallisation degree during processing. These may be manufactured through
either extrusion or injection moulding techniques [13,14]. There has been a push for recog-
nising the foaming abilities of lower cost foaming agents such as sodium bicarbonate (NaB)
and citric acid (CA), and their respective decomposition/foaming mechanisms are shown
in Equation (1) and Figure 1, respectively [15,16].

2NaHCO3 → Na2CO3 + H2O + CO2 (1)
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Figure 1. Scheme of degradation reactions and products thereof of citric acid.

To this end, Ruiz et al. [17] manufactured foams of PP with these CBAs in pellet form.
A concentration range of 1–4% by weight was used with a temperature profile of 160–210 ◦C
in injection moulding, as the activation temperature of the blowing agents lies within that
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range. The densities of the formed foams were all in the range of 0.87 g/cm3 compared to
the raw material density of 0.91 g/cm3.

A foam of PP (linear copolymer, branched homopolymer) using a mixed CBA (com-
prising of 56/44 mixture of NaHCO3 and citric acid) was fabricated by Fasihi et al. [18].
The PP and the CBAs were premixed using a high-speed dry mixer followed by extrusion
on a single screw extruder. The zone temperature profiles of the extruder, starting from
the feeding zone to the die were set to be 140 ◦C, 170 ◦C, 190 ◦C, 210 ◦C, and 170 ◦C,
respectively. Foam densities varied from 0.15 to 0.47 g/cm3, with cell thicknesses and cell
density also being able to be tuned with a high degree of control.

Li et al. [19] fabricated foams of high density polyethylene (HDPE) using a range
of exothermic and endothermic CBAs using a single-screw extruder (length/diameter
ratio = 30/1, C.W. Brabender). Average cell sizes of the foam fabricated in the report by Li
et al. [19] ranged from 50 to 1300 microns, indicating the wide range of foam properties
possible from the foaming of a polyolefin. Core back injection moulding with injection
temperature set at 230 ◦C using 2% by weight of CBA was used by Ruiz et al. [20] to
manufacture foams of PP. A total of 0.02 g of CBA was introduced per g of PP, which
gave a relative value of gas of 0.006 ggas/gPP for CBA-1 and 0.007 ggas/gPP for CBA-2.
Similar to Rui et al. [17], CBA-1 was 35 wt% of citric acid and 35 wt% of NaHCO3, 30%
PE, while CBA-2 was 70% citric acid, 30% PE. Part of the gas generated corresponded to
H2O vapor that after foaming and cooling remains in the samples as condensed water
vapor. Specifically, about 30% of all the gas generated corresponded to H2O vapor and
the rest was CO2. The maximum quantity of CO2 that can be diluted at the temperature
and pressure conditions in the nozzle was about 0.05 gCO2/gPP. However, no analysis of
mechanical properties or density characteristics of the foam was demonstrated.

In terms of recycled polymers, Greco et al. [21] used recycled gypsum and a commercial
foaming agent (Ferrocell AZC13R) as the foaming agent for recycled HDPE and film-grade
recycled LDPE using extrusion. The use of recycled gypsum offered a unique foaming
pathway shown in Equations (2) and (3).

CaSO4·2H2O → CaSO4·0.5H2O + 1.5H2O (2)

CaSO4·0.5H2O → CaSO4 + 0.5H2O (3)

It has to be noted that the density trends studied in Greco et al. [21] have to be
juxtaposed with stress–strain behaviour to understand cushioning effects, but no such
analysis was conducted. The results obtained by Greco et al. [21], viz., optimisation of
experimental design, indicated the following:

1. Temperatures in the extruder were found to have a weak influence on the density of
extruded products.

2. There was a strong dependence of the density of extrudates on the die temperature.
3. In addition, the density of extrudates increased with screw speed.
4. Foam/extrudate density decreased with die diameter or length if the ratio L/D was

held constant.
5. Density and foaming efficiencies (based on the quantity of unreacted CaSO4) both

showed a decreasing trend with an increase in gypsum quantity in recycled HDPE.
6. Adding recycled LDPE at various concentrations to recycled HDPE had a major

influence on extrudate density, indicating a significant effect of comingled recycled
raw material nature on the resultant foam properties.

Based on the limited available literature, it can therefore be seen that the majority of
work conducted on polyolefin foam fabrication involves using CBAs and virgin polymers;
comparable work on recycled polyolefins is low, barring those of Greco and Maffezeli [21].
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In addition, the simultaneous use of real-life post-consumer recycled polyolefins as a raw
material and benchmarking with a virgin polymer under the same conditions is lacking.
Therefore, in this work, these gaps were addressed by fabricating foams of post-consumer
polyethylenes (LLDPE and LDPE) and comparing them with a foam fabricated using virgin
LLDPE and the CBAs used were low-cost food grade sodium bicarbonate and citric acid to
further add on to the sustainability of this work. Analysis was conducted of the pore sizes,
distribution, density, and thermal properties and contrasted with those seen for commercial
foams based on PE and PU to gain an understanding of the influence of these individual
parameters on the foam behaviour. Finally, the effect of shear on the foams was studied by
performing the fabrication under two separate environments, viz., low shear pulverisation
and dry mixing, as well as high shear internal mixing.

2. Materials and Methods
Recycled LDPE and LLDPE were obtained from GT Recycling Pty Ltd., Geelong,

Victoria, while rotomolding-grade virgin LLDPE (V_LLDPE) was obtained from Qenos
Ltd., Pakenham, Victoria, Australia. The MFIs of the received recycled LDPE and LLDPE
were 1.84 g/10 min and 11.89 g/10 min, respectively. The MFI was measured at 190 ◦C
using a weight of 2.16 Kg on a Ceast modular line melt flow machine as per ASTM D1238
standard. The recrystallisation temperatures of recycled LLDPE and LDPE were 109 ◦C and
107 ◦C. The recycled materials were received in pellets form of ~2–2.5 mm size range. The
MFI of V_LLDPE was 10 g/10 min, and the recrystallisation temperature was 108.85 ◦C.
Food-grade CA and NaB were purchased from local suppliers in powder form. In addition,
azodicarbonamide (ADC) blowing agent powder was supplied by Sigma-Aldrich, Victoria,
Australia, and used as a non-biodegradable and potentially toxic agent to be compared with
CA and NaB, which are more eco-friendly agents. Cryogenic pulverisation of the recycled
LLDPE, LDPE, and citric acid were conducted using liquid N2 on an Omni Macro ES, while
the NaB and V_LLDPE were obtained in finely powdered form from origin. Comparisons
were made with a PU foam mattress obtained from A.H. Beard Pty Ltd., Derrimut, Victoria,
Australia. The foams from the recycled and virgin polyolefins were fabricated using CA,
NaB, and ADC using both low-shear pulverising and high-shear internal mixing with the
methods detailed below.

a. Low-shear pulverising:

1. The pulverised recycled LDPE, recycled LLDPE, and V_LLDPE were dry blended in
an Omni Macro ES for up to 15 min with 15% by weight of CBA (whether CA or NaB).

2. A total of 6 g of the dry blended and pulverised mix was placed in a specially designed
mould (Figure 2a).

3. The entire assembly was placed in a Thermoline Scientific Oven at 200 ◦C for 15 min
until foaming was achieved.

4. The sample was withdrawn from the oven, removed from the mould, and cooled to
RT and used for further analysis (Figure 2b).

b. High-shear internal mixing

1. Recycled LDPE, recycled LLDPE, or V_LLDPE with 15% by weight of CBA (CA or
NaB) were introduced into a Thermo Scientific internal mixer operated at 130 ◦C and
50 rpm for 5 min. However, ADC was added in 2.5, 5, and 10 wt.% to LDPE and was
mixed for 7 min at 110 ◦C.

2. The dough obtained (Figure 3a) was then placed in the mould, as in Figure 2a, and
steps a3-a4 were repeated until a foam was obtained, as in Figure 3b.
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Figure 3. (a) Dough obtained after internal mixing of V_LLDPE with NaB. (b) Foamed polymer
obtained from dough.

Thermal decomposition of the foaming agents was conducted on a TA Q 50 Ther-
mogravimetric Analyzer (TGA) at a heating rate of 10 ◦C/min in air. Thermal properties
of the fabricated foams were measured on a TA Differential Scanning Calorimeter (DSC).
DSC testing began by heating the material to 200 ◦C with a heating rate of 10 ◦C/min
followed by cooling down to 20 ◦C at the same rate. Peaks corresponding to the melting
and recrystallisation temperature were noted. In addition, using the heat of fusion for
a 100% crystalline PE as 293.1 J/g [22], the overall crystallinity was calculated using the
following equation (Equation (4)), where ∆Hm is the fusion enthalpy (J/g) calculated for
each composition using the obtained graphs, and ∆H0

m is the fusion enthalpy for 100%
crystalline PE (293.1 J/g).

Xc =
∆Hm

∆H0
m
× 100% (4)

Microstructural analysis of the foams was conducted on an Olympus BX61 optical
microscope. This was used to both image the microstructure of the fabricated foams and
estimate the porosity in the form of pore sizes, as well as to span and to be compared with
commercial PE and PU foams.

Standard shapes were cut from the foam specimens, and their mass and volume were
estimated to calculate the density of the fabricated foams. Using the density values, the
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%porosity (VP) as measured in Prasad et al. [23] was as shown in Equation (5), where ρ f

and ρu are densities of the material post and pre foaming, respectively. VP was then used
to determine the efficacy of the foaming procedure.

VP =

(
1 −

ρ f

ρu

)
× 100% (5)

Mechanical properties of the prepared foams using NaB and ADC were compared in
terms of compression set under constant deflection and compressive strength according
to the ASTM D3575 standard [24]. The test specimens were compressed to their 50% of
their original thickness ( to) and remained deflected for 22 h. The final thickness (t f ) was
measured after 24 h of recovery. All tests were performed using a Zwick Z010 (Germany)
universal testing machine when a 10 kN load cell was mounted. The compression set
values ( Cd), as a percentage of the original thickness were then calculated for each sample
using Equation (6).

Cd =

(
to − t f

)
to

× 100% (6)

3. Results and Discussion
The results of the experimental studies on the base materials and foam samples

morphology; the thermal properties and mechanical are presented in this section.

3.1. Morphology

A side-by-side comparison of the foam fabricated using CA and V_LLDPE with a
commercial PU foam is presented in Figure 4a. The corresponding comparison under
optical microscopy is shown in Figure 4b–d. A few observations that can be made from
Figure 4 are as follows:

1. The pores observed for the commercially available foamed PU sample, which were
used in mattresses, were of an open cell variety, while the ones for the V_LLDPE foam
were of the closed cell variety.

2. The shapes of the pores in the commercial foam were polygonal in nature, while
the pulverised V_LLDPE CA and batch mixed V_LLDPE CA foam exhibited mostly
spherical pores.

An overall comparison of the virgin polyolefin foams with commercial PU mattress
foam in terms of pore size distribution is shown in Figure 5. There was a pronounced
multi-modal size distribution of the pores in both the PU and the V_LLDPE foams but while
nearly 95% of the pores in the PU foam were found to be in the less than 1000 µm diameter
region, the V_LLDPE foams showed pores up to 3000 µm in size. This size distribution
of the pores was broader for the V_LLDPE foams, irrespective of the use CA or NaB as
the foaming agent or even the use of internal mixing or under pulverisation conditions
(Figure 6).

It has to be noted that as a consequence of the broad size distribution, the % of
pores less than 100 µm was also much higher for the V_LLDPE foams than the PU foams,
and therefore, with more stringent constriction of flow, the pore coalescence can poten-
tially be controlled, and the size distribution of the pores can be reduced for the CA and
NaB V_LLDPE foams. However, it is also worth noting that the inherent stiffness of the
V_LLDPE foam was higher than the PU foam. Interestingly no major effect was observed
for the span in pore sizes, irrespective of the foaming agent used or the method of applica-
tion of shear. This could have been because the V_LLDPE used was a rotomolding grade
with a very low zero-shear viscosity, meaning mixing with another powdered material of a
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similar size distribution could lead to effective dispersion, even in the absence of high shear
as long as a temperature stimulus was provided, as was seen in Prasad et al.’s [23,25,26]
demonstration of wood composite fabrication with retainable mechanical properties using
V_LLDPE, pine, and oak flour through comparatively low shear processing techniques
such as compression and rotational moulding.
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Figure 6. Span of pore sizes observed in V_LLDPE foams made from CA and NaB under pulverisation
and batch mixing conditions benchmarked with PU mattress foam.

Through the analysis of foams fabricated from recycled polyolefins (Figure 7), the
influence of the process and type of foaming agent on the foaming phenomenon could be
uncovered in greater detail. It could be seen that the span of pore sizes reduced when the
higher shear batch mixing was used as opposed to pulverisation mixing (Figures 8 and 9).
In addition, the use of CA generally led to lower pore sizes and narrower size distributions
in terms of span than the use of NaB (Figure 9). This could be explained based on the
mechanism of foaming agent decomposition. From Equations (1) and (2), it can be seen that
the decomposition reaction for NaB was much simpler than the complex CA mechanism.
In addition, the CA mechanism also proceeded through an additional step of phase change,
i.e., the CA had to melt before the decomposition reaction could occur. Therefore, a greater
degree of control can be exerted on the foam fabrication using CA as the foaming agent
than the one-step, no phase change NaB decomposition reaction.
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Above being said, it was clear from both the microscopy images and the pore size
distribution data that the recycled LLDPE-based foam showed much more coalescence
than the recycled LDPE-based foam, irrespective of the type of foaming agent or the use of
pulverisation or batch mixing methods. It can be speculated that there is a range of reasons
behind this variation in behaviour between the two recycled polyolefins.

The main driving force behind the ability of materials such as CA and NaB to create
foamed microstructures is the nature of the decomposition reactions, as explained earlier,
but it is also true that the presence of additives and unaccounted for impurities in the
polymers can have unpredictable effects on these reactions. This may be why there is such
behaviour seen for the recycled LLDPE, while the V_LLDPE on the other hand did not
show either pronounced pore coalescence or strong variation depending on the type of
foaming agent used. In addition, the gradient of concentration of such impurities and
secondary phases could be much higher within the LLDPE as compared to the recycled
LDPE, and this could also contribute towards the tendency of the recycled LDPE that seems
to show a more controlled size distribution and less pore coalescence as compared to the
recycled LLDPE.

Thirdly, as compared to the V_LLDPE and recycled LDPE, the recycled LLDPE was
biphasic in nature, as seen from the DSC melting data shown in Figures 11 and 12. The
presence of a PP phase could act as a controlling factor towards nucleation and prevent
pore coalescence, but there is a precedent set in the study [27] where at higher concen-
trations of PE (75% by weight and above), there may be a partial miscibility of the two
polymers, viz., PE and PP manifesting itself by a shouldered crystallisation peak, as seen
in Figures 11c and 12b. This co-miscibility could then equalise the relative interactions
between the PE and PP phases with the foaming agent, encouraging pore coalescence.

3.2. Thermal Properties

The decomposition reactions shown in Equations (1) and (2) can also be visualised
through differential thermal analysis (DTA) of the foaming agents, as seen in Figure 10.
Both materials had overlapping reactivity around 200 ◦C, with the reaction of the NaB
attaining completion faster, whereas the CA was still on an upward trend until its full de-
composition. Noting this, a decision was made to cap the foaming reaction at 200 ◦C, owing
to the lowered thermal stability of the V_LLDPE and recycled LDPE and recycled LLDPE
beyond 200 ◦C. The TGA analysis of the recycled polymers are presented in Figure S1
(Supplementary Materials).
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A more thorough thermal analysis could help ascertain the structural effects of foaming
on the polymer materials, and to this end, DSC analysis was conducted, as shown in
Figures 11 and 12, for the pulverised and batch mixed foams, respectively. A review of the
literature indicates that the work conducted on the thermal characterisation of recycled-
polyolefin-based foams is relatively low, but some general observations can be made:

1. It can be clearly seen that melting peak became broader and less sharp, which in-
dicated that a range of crystal sizes formed during the foaming process for all the
polymers [28].

2. The recrystallisation peaks showed changes in shape and sharpness and also exhibited
new peaks indicative once again of the different crystal sizes and mechanisms initiated
during and after the foaming process.

3. This also affected the overall polymer crystallinity, as seen in Figure 13. It can be
seen that there was a drop in crystallinity throughout after foaming, irrespective of
the mixing method or foaming agent used. This was partly due to the widening of
crystallite sizes and forms, as reported in [28]. In addition, the presence of the solid
foaming agent particles can limit crystallite’s growth in spite of higher crystallite seed
density. The quantity of reported work in this specific topic, i.e., the competition be-
tween cell nucleation in foaming and crystal nucleation for semi-crystalline polymers
like LLDPE and LDPE is limited, and hence this is speculative at the moment [29].
However, it can be seen from our results in Figure 13 that the NaB foaming agent that
stayed solid throughout the foaming process resulted in lowered crystallinity than
CA, which underwent a phase change to liquid prior to decomposition and foaming.



Polymers 2025, 17, 1270 12 of 18

Polymers 2025, 17, x FOR PEER REVIEW 13 of 20 
 

 

4.  

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 11. DSC curves of pulverised foam materials: (a) melting curve of LDPE foams; (b) recrystal-
lisation curves of LDPE foams; (c) melting curve of LLDPE foams; (d) recrystallisation curves of 
LDPE foams; (e) melting curve of V_LLDPE foams; (f) recrystallisation curves of V_LLDPE foams. 

Figure 11. DSC curves of pulverised foam materials: (a) melting curve of LDPE foams; (b) recrystalli-
sation curves of LDPE foams; (c) melting curve of LLDPE foams; (d) recrystallisation curves of LDPE
foams; (e) melting curve of V_LLDPE foams; (f) recrystallisation curves of V_LLDPE foams.
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Figure 12. DSC curves of batch mixed foam materials: (a) melting curve of LDPE foams; (b) recrys-
tallisation curves of LDPE foams; (c) melting curve of LLDPE foams; (d) recrystallisation curves of
LDPE foams; (e) melting curve of V_LLDPE foams; (f) recrystallisation curves of V_LLDPE foams.
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Figure 13. Degree of crystallinity values of all fabricated foams: (a) via pulverisation; (b) via
batch mixing.

One of the most critical properties of a foam material is its density, as established
in a wide range of studies on the topic [17–21,30–32]. In these studies, the average pore
diameters in PU foams were from 75 to 600 µm [30–32], and the benchmark foam used in
this work had an average pore diameter of about 200–300 µm, as seen in Figure 5. While
the foams produced in this work also showed similar pore sizes, the span was much wider,
as discussed, and also another point of variation is the density. As reported by [30–32],
the densities of PU foam mattresses range from 0.035 to 0.100 g/cm3, with our benchmark
PU foam showing a density closer to the higher end of that spectrum at 0.09 g/cm3. The
density values seen for recycled polyolefin foams tended to fall in the 0.13 to 0.91 g/cm3

range [17–21]. The density of the foams produced in this work were in that range as well.
The foams produced from the V_LLDPE seemed to show a lower density than the recycled
polyolefins. The reasons for these have not been explored as much in the literature, so, at
this point of time, we can speculate that this is owing to the unquantified additives and
impurities found in recycled plastics competing with and/or reacting with the foaming
agents and reducing their efficiency. It can be seen that the NaB foams showed lowered
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densities (Figure 14a,c) and, as a consequence, higher VP compared to the CA foams
(Figure 14b,d), and this can be attributed to the larger pores seen with the NaB foams.
However, this can also be because the NaB decomposition mechanism is a simple one-step
process and driven through an ionic mechanism [33]. The mechanism of CA decomposition
is much more complex and has many radical pathways [34]. These generated radicals may
be consumed by the unaccounted-for antioxidant and heat stabiliser materials present in
comingled/recycled polyolefin blends, leading to reduced efficiency of decomposition.
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3.3. Mechanical Properties

The compression set under constant deflection and compression deflection (com-
pressive strength) of the tested foams was measured for four sets of foams, namely,
LDPE_NaB_15%, LDPE_ADC_2.5%, LDPE_ADC_5%, and LDPE_ADC_10%. The results
of compressive strength tests are presented in Figure 15a,b. The horizontal axis shows the
foam material formulation, while the vertical axis shows the compressive strength at 50%
compression of the original thickness. The samples prepared using LDPE and NaB had the
highest compressive strength with a mean value of 1.48 MPa, while the samples prepared
using ADC foaming agent had lower compressive strength. The results also suggest that
increasing the ADC content in LDPE reduced the compressive strength of the prepared
foam samples.

The results of the compression set under constant deflection for the tested foams are
presented in Figure 16. The highest compression set was measured for LDPE_ADC_2.5% at
16.1%, while the increase in ADC content enhanced the foam recovery as compression set
values decreased to 10.8% and 8.4%, respectively, for 5% and 10% ADC content. Although



Polymers 2025, 17, 1270 16 of 18

LDPE_NaB_15% samples recorded the highest rigidity according to Figure 16, they had
higher resilience compared to LDPE_ADC_2.5% samples, with the mean compression set
value of 13.9%.
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4. Conclusions
Low-cost foaming agents CA and NaB were used under conditions of pulverisation of

high-shear internal mixing to fabricate foams from virgin and recycled polyethylenes and
benchmarked against a commercially available PU foam. While pore size and distribution
are critical parameters for a foam’s performance, it was found that the benchmark PU
foams also showed pore shapes that were more polygonal than the mostly spherical pores
produced using CA and NaB. The mechanism of decomposition also had an influence
on the foam characteristics. The more complex radical decomposition mechanism of CA,
which required the phase change prior to decomposition, led to foams with narrower
pore spans and narrower size distributions, but at the cost of slightly higher densities and
hindered foaming efficiency, owing to the unaccounted-for additives (antioxidants, heat
stabilisers, etc.) in the recycled polyolefins. The simple, ionic mechanism of decomposition
of the NaB lent itself to larger pores, lowered density, and less control on the pore size
distribution. Overall, the span of pore sizes reduced when the higher shear batch mixing
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was used as opposed to pulverisation mixing. This study demonstrated important key
steps towards valorisation of waste polyolefin compounds through chemical foaming for
potential use in circular packaging applications.

Future work will focus on optimising processing parameters (temperature, mixing
speed, and time) to improve foam production consistency. Alternative blending techniques
and additives can enhance mechanical performance of the foam, while minimising impuri-
ties in recycled materials will improve process reproducibility. Additionally, further studies
on cyclic compression performance and other mechanical durability studies will better
inform the foams’ suitability for practical applications.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/polym17091270/s1, Figure S1: TGA analysis of recycled LLDPE
and LDPE: (a) changes of weight vs. temperature and (b) differential thermal analysis (DTA) curve.

Author Contributions: Conceptualisation, M.N., K.P. and F.T.J.; methodology, K.P., F.T.J. and M.N.;
validation, K.P., S.S.N., M.N. and F.T.J.; investigation, K.P., S.S.N. and F.T.J.; resources, M.N., E.G. and
J.S.; data curation, K.P. and S.S.N.; writing—original draft preparation, K.P.; writing—review and
editing, F.T.J., S.S.N., M.N. and J.S.; visualisation, K.P. and F.T.J.; supervision, M.N. and E.G.; project
administration M.N. and E.G.; funding acquisition, M.N., J.S. and E.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Sustainability Victoria under the scheme of Recycling Victoria
Research and Development Fund—Materials.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding authors.

Acknowledgments: The authors acknowledge the support of Sustainability Victoria, Robovoid Pty
Ltd. and GT Recycling Pty Ltd., in conducting this study.

Conflicts of Interest: Author John Stehle was employed by the company Robovoid Pty Ltd. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References
1. Lee, S.T.; Park, C.B. Rheology of Thermoplastic Foam Extrusion Process; CRC Press: Boca Raton, FL, USA, 2014; pp. 56–99.
2. Liu, S.; Huang, Q.; Chen, Q.; Huang, X.B. Application of Extensional Rheology in Polymer Characterization. Acta Polym. Sin.

2023, 54, 286–302. [CrossRef]
3. Parky, C.P.; Garcia, G.A. Development of Polypropylene Plank Foam Products. J. Cell. Plast. 2002, 38, 219–228. [CrossRef]
4. Jiang, Q.X.; Bismarck, A. A perspective: Is viscosity the key to open the next door for foam templating? React. Funct. Polym. 2021,

162, 104877. [CrossRef]
5. Doyle, L.; Weidlich, I.; Di Maio, E. Developing Insulating Polymeric Foams: Strategies and Research Needs from a Circular

Economy Perspective. Materials 2022, 15, 6212. [CrossRef] [PubMed]
6. Chen, C.H.; Hallmark, B.; Davidson, J.F. Highly viscous polymeric foam flowing through an orifice. In Proceedings of the 33rd

Annual International Conference of the Polymer-Processing-Society (PPS), Cancun, Mexico, 10–14 December 2017.
7. Münstedt, H. Extensional Rheology and Processing of Polymeric Materials. Int. Polym. Process. 2018, 33, 594–618. [CrossRef]
8. Reignier, J.; Gendron, R.; Champagne, M.F. Autoclave Foaming of Poly(ε-Caprolactone) Using Carbon Dioxide: Impact of

Crystallization on Cell Structure. J. Cell. Plast. 2007, 43, 459–489. [CrossRef]
9. Rodriguez-Perez, M.A.; Álvarez-Láinez, M.; de Saja, J.A. Microstructure and physical properties of open-cell polyolefin foams. J.

Appl. Polym. Sci. 2009, 114, 1176–1186. [CrossRef]
10. Kim, K.-H.; Pandey, S.K.; Kim, Y.-H.; Sohn, J.R.; Oh, J.M. Emissions of amides (N,N-dimethylformamide and formamide) and

other obnoxious volatile organic compounds from different mattress textile products. Ecotoxicol. Environ. Saf. 2015, 114, 350–356.
[CrossRef]

11. Pasquali, I.; Comi, L.; Pucciarelli, F.; Bettini, R. Swelling, melting point reduction and solubility of PEG 1500 in supercritical CO2.
Int. J. Pharm. 2008, 356, 76–81. [CrossRef]

https://www.mdpi.com/article/10.3390/polym17091270/s1
https://www.mdpi.com/article/10.3390/polym17091270/s1
https://doi.org/10.11777/j.issn1000-3304.2022.22245
https://doi.org/10.1177/0021955X02038003268
https://doi.org/10.1016/j.reactfunctpolym.2021.104877
https://doi.org/10.3390/ma15186212
https://www.ncbi.nlm.nih.gov/pubmed/36143523
https://doi.org/10.3139/217.3532
https://doi.org/10.1177/0021955X07079591
https://doi.org/10.1002/app.30283
https://doi.org/10.1016/j.ecoenv.2014.07.008
https://doi.org/10.1016/j.ijpharm.2007.12.048


Polymers 2025, 17, 1270 18 of 18

12. Sarver, J.A.; Sumey, J.L.; Williams, M.L.; Bishop, J.P.; Dean, D.M.; Kiran, E. Foaming of poly(ethylene-co-vinyl acetate) and
poly(ethylene-co-vinyl acetate-co-carbon monoxide) and their blends with carbon dioxide. J. Appl. Polym. Sci. 2018, 135, 45841.
[CrossRef]

13. Qin, X.; Thompson, M.R.; Hrymak, A.N. Rheology studies of foam flow during injection mold filling. Polym. Eng. Sci. 2007, 47,
522–529. [CrossRef]

14. Djoumaliisky, S.; Christova, D.; Petrov, I.; Touleshkov, N.; Nedkov, E. Flow behaviour of gas-containing LDPE/i-PP melts.
Macromol. Symp. 2002, 181, 493–498. [CrossRef]

15. Sadik, T.; Pillon, C.; Carrot, C.; Reglero Ruiz, J.A. DSC studies on the decomposition of chemical blowing agents based on citric
acid and sodium bicarbonate. Thermochim. Acta 2018, 659, 74–81. [CrossRef]

16. Wyrzykowski, D.; Hebanowska, E.; Nowak-Wiczk, G.; Makowski, M.; Chmurzyński, L. Thermal behaviour of citric acid and
isomeric aconitic acids. J. Therm. Anal. Calorim. 2011, 104, 731–735. [CrossRef]

17. Reglero Ruiz, J.A.; Vincent, M.; Agassant, J.-F.; Sadik, T.; Pillon, C.; Carrot, C. Polymer foaming with chemical blowing agents:
Experiment and modeling. Polym. Eng. Sci. 2015, 55, 2018–2029. [CrossRef]

18. Fasihi, M.; Targhi, A.A.; Bayat, H. The simultaneous effect of nucleating and blowing agents on the cellular structure of
polypropylene foamed via the extrusion process. e-Polymers 2016, 16, 235–241. [CrossRef]

19. Li, Q.; Matuana, L.M. Foam extrusion of high density polyethylene/wood-flour composites using chemical foaming agents. J.
Appl. Polym. Sci. 2003, 88, 3139–3150. [CrossRef]

20. Reglero Ruiz, J.; Vincent, M.; Agassant, J.-f. Numerical Modeling of Bubble Growth in Microcellular Polypropylene Produced in a
Core-Back Injection Process Using Chemical Blowing Agents. Int. Polym. Process. J. Polym. Process. Soc. 2016, 31, 26–36. [CrossRef]

21. Greco, A.; Maffezzoli, A.; Manni, O. Development of polymeric foams from recycled polyethylene and recycled gypsum. Polym.
Degrad. Stab. 2005, 90, 256–263. [CrossRef]

22. Atkinson, C.; Richardson, M. Thermodynamic properties of ideally crystalline polyethylene. Trans. Faraday Soc. 1969, 65,
1764–1773. [CrossRef]

23. Prasad, K.; Nikzad, M.; Doherty, C.M.; Sbarski, I. Predicting trends in structural and physical properties of a model polymer with
embedded natural fibers: Viability of molecular dynamics studies for a bottom up design. J. Appl. Polym. Sci. 2019, 136, 48189.
[CrossRef]

24. ASTM D3575-20; Standard Test Methods for Flexible Cellular Materials Made from Olefin Polymers. ASTM: West Conshohocken,
PA, USA, 2020.

25. Prasad, K.; Nikzad, M.; Sbarski, I. Using viscoelastic modeling and molecular dynamics based simulations to characterize polymer
natural fiber composites. J. Appl. Polym. Sci. 2020, 137, 49220. [CrossRef]

26. Prasad, K.; Nikzad, M.; Sbarski, I. Mechanical, viscoelastic and gas transport behaviour of rotationally molded polyethylene
composites with hard- and soft-wood natural fibres. J. Polym. Res. 2022, 29, 131. [CrossRef]

27. Aumnate, C.; Rudolph, N.; Sarmadi, M. Recycling of Polypropylene/Polyethylene Blends: Effect of Chain Structure on the
Crystallisation Behaviors. Polymers 2019, 11, 1456. [CrossRef]

28. Nofar, M.R.; Majithiya, K.; Kuboki, T.; Park, C.B. The foamability of low-melt-strength linear polypropylene with nanoclay and
coupling agent. J. Cell. Plast. 2012, 48, 271–287. [CrossRef]

29. Kabamba, E.; Rodrigue, D. The Effect of Recycling on LDPE Foam Properties. Prog. Rubber Plast. Recycl. Technol. 2008, 24, 1–17.
[CrossRef]

30. D’Arienzo, L.; Incarnato, L.; Rinaldi, S.; Scarfato, P. Comfort and fatigue performance of a Soya-derived flexible PU foam for
mattresses. AIP Conf. Proc. 2019, 2196, 020028. [CrossRef]

31. Scarfato, P.; Di Maio, L.; Incarnato, L. Structure and physical-mechanical properties related to comfort of flexible polyurethane
foams for mattress and effects of artificial weathering. Compos. Part B Eng. 2017, 109, 45–52. [CrossRef]

32. Shetage, S.S.; Traynor, M.J.; Brown, M.B.; Raji, M.; Graham-Kalio, D.; Chilcott, R.P. Effect of ethnicity, gender and age on the
amount and composition of residual skin surface components derived from sebum, sweat and epidermal lipids. Ski. Res. Technol.
2014, 20, 97–107. [CrossRef]

33. Toan, S.; O’Dell, W.; Russell, C.K.; Zhao, S.; Lai, Q.; Song, H.; Zhao, Y.; Fan, M. Thermodynamics of NaHCO3 decomposition
during Na2CO3-based CO2 capture. J. Environ. Sci. 2019, 78, 74–80. [CrossRef]

34. Apelblat, A. Citric Acid Chemistry. In Citric Acid; Springer International Publishing: Cham, Switzerland, 2014; pp. 213–266.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/app.45841
https://doi.org/10.1002/pen.20730
https://doi.org/10.1002/1521-3900(200205)181:1%3C493::AID-MASY493%3E3.0.CO;2-7
https://doi.org/10.1016/j.tca.2017.11.007
https://doi.org/10.1007/s10973-010-1015-2
https://doi.org/10.1002/pen.24044
https://doi.org/10.1515/epoly-2016-0033
https://doi.org/10.1002/app.12003
https://doi.org/10.3139/217.3129
https://doi.org/10.1016/j.polymdegradstab.2005.01.026
https://doi.org/10.1039/tf9696501764
https://doi.org/10.1002/app.48189
https://doi.org/10.1002/app.49220
https://doi.org/10.1007/s10965-022-02966-y
https://doi.org/10.3390/polym11091456
https://doi.org/10.1177/0021955X12440271
https://doi.org/10.1177/147776060802400101
https://doi.org/10.1063/1.5140301
https://doi.org/10.1016/j.compositesb.2016.10.041
https://doi.org/10.1111/srt.12091
https://doi.org/10.1016/j.jes.2018.07.005

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Morphology 
	Thermal Properties 
	Mechanical Properties 

	Conclusions 
	References

