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from mixed polyolefins for hot-
melt adhesive (HMA) applications†

Anurag Ganapathi, ‡a Mohamed Shaker‡ab and Muhammad Rabnawaz *a

Upcycled waxes are blended with poly(ethylene-co-vinyl acetate) (EVA) to make hot-melt adhesives

(HMAs). Herein, we report partially recycled HMAs that were prepared by blending EVA with upcycled

waxes obtained from mix waste polyolefins. First, waste mixed polyolefins (such as high-density, low-

density, and linear low-density polyethylene and polypropylene) were converted into waxes in high

yields reaching up to 92%. The obtained upcycled waxes were used as an additive for HMAs along with

gum rosin. The thermal properties and seal strength of the HMAs containing upcycled waxes were

compared with those of commercially available HMAs. The HMA made from upcycled wax was found to

be as efficient in seal strength as the commercially available HMA. This upcycling of plastic waste for use

in HMAs is yet another way of promoting circularity in single-use plastics.
Sustainability spotlight

The ecosystem is seriously threatened by the growing volume of mixed plastic waste that is improperly disposed of. The major plastic waste is polyolens, such
as polypropylene and polyethylene. This work offers an innovative, sustainable solution to this problem by upcycling waste mixed polyolen into waxes that can
be used in hot-melt adhesive (HMA) applications. By upcycling and recycling plastic waste, this sustainable strategy not only reduces plastic waste but also
promotes circularity. Our work is in line with UN Sustainable Development Goals (SDGs) 9 (Industry, Innovation and Infrastructure), 12 (Responsible
Consumption and Production), and 13 (Climate Action) because we use upcycled waxes made from plastic waste. Through sustainable advancements like this,
we contribute to a more resource-efficient and environmentally conscious future.
Introduction

Hot melt adhesives (HMAs) are thermoplastic adhesives that are
applied as melt-adhesives via heating, which gain strength
upon cooling.1–3 HMAs are inexpensive, solvent-free, water-
resistant, and are compatible with high-speed manufacturing
processes, and thus they are widely employed in numerous
industries.1,3 HMAs have been widely used in the packaging
sector, and their adoption has experienced rapid growth over
the years.4 In the furniture industry, HMAs connect metal to
metal, and one of the key advantages of these adhesives is that
they are reversible (dismantlable adhesives).5,6 In addition,
HMAs are used in the production of mattresses, as glue for
wood, thick paper, nonwovens, and for connecting plastics.7

HMAs are also used as adhesives where disassembly is desirable
aer use, as they can provide reversible adhesion.8–11

HMAs are composed of copolymer poly(ethylene-co-vinyl
acetate) (EVA), a plasticizer, and an adhesive, which is made up
rsity, 448 Wilson Road, East Lansing, MI
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tion (ESI) available. See DOI:

is work.

the Royal Society of Chemistry
of tackiers, waxes, and optionally inorganic llers.12 Waxes
comprise up to 30 wt% of the adhesive formulation. For HMAs,
waxes are required to decrease the viscosity of the melt adhesive
to offer better ow and uniform surface coverage during adhe-
sive applications, as well as to reduce the application temper-
ature.13 Waxes also enhance the hardening rate of the adhesives
and improve their cohesive strength, thus speeding up the
manufacturing process.14–17

The most commonly utilized waxes used in HMA formula-
tions are Fischer–Tropsch (F–T) waxes, microcrystalline waxes,
and paraffin waxes.15 Paraffin wax is so and has a low melting
temperature. F–T waxes are more suitable for HMAs designed
for high-temperature applications. When wax is melted, it
reduces the viscosity of the mixture, thereby making it easier to
mix the components. When it cools, it crystallizes and forms
a structural network that gives the HMA its hardness and
strength.18 Using viscoelastic properties and failure mode
measurements, the impact of wax on the adhesive strengths and
miscibility with EVA/rosin can be determined.19–21 The pivotal
role of wax in the adhesion performance of HMAs has been
relatively well-explored in the past.15,22,23

Mixed plastics are difficult to recycle and end up in landlls.
Nearly 60% of all plastic waste is made of polyolens (PE and
PP). PE alone makes up over 50% of the weight of all polymers
in mixed plastic waste (MPW).24,25 Efforts to develop chemical
RSC Sustainability, 2024, 2, 3047–3053 | 3047
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recycling strategies for PE have oen focused on the conversion
of these materials into gas and oil through pyrolysis. We have
recently reported the conversion of HDPE into upcycled waxes
in a very high yield (up to 93%),26 as well as the upcycling of wax
from mixed polyethylene (high-density and low-density poly-
ethylene) at almost the same yield.27 The initial cost estimation
analysis suggests that these newly reported plastic-to-wax
conversions offer a practical approach for waste plastic
upcycling.

Herein we report waxes obtained in high yield from mixed
HDPE, linear low-density polyethylene (LLDPE), low-density
polyethylene (LDPE), and polypropylene (PP). Both tempera-
ture and time were controlled during this process to obtain
waxes as the major product with tailored melting temperatures.
The obtained waxes were tested as hot melt adhesive formula-
tion additives. In addition, we investigated the effect of using
various recycled waxes at different weight percentages (wt%) in
HMAs, and the best waxes and wt% were validated via thermal
sealing temperature and seal strength. Our wax-derived HMA
can be used in the huge HMA market valued at over 7.49 billion
USD in 2023 and is projected to grow from 7.89 billion USD in
2024 to 11.76 billion USD by 2032, exhibiting a compound
annual growth rate (CAGR) of 5.2% during the forecast period.28
Experimental
Materials

The waste plastics were obtained from Michigan State Univer-
sity (MSU) Surplus and Recycling Center, Michigan, United
States. Different sized HDPE, LDPE, LLDPE and PP bottles and
plastics were obtained from a local store and identied based
on their resin identication code. These plastics were then
washed with detergents to remove any fats, then cut into akes,
and subsequently dried at room temperature. Finally, they were
ground into a powder to obtain the MWP, which would be used
for subsequent pyrolysis experiments. Sodium chloride (NaCl)
Table 1 Pyrolysis conditions, pyrolytic wax yields, and characterization

Exp.#

Pyrolysis condition Pyrolytic crude w

Mixing Time/temp. Oil/volatile mater

Blank MWP blank
Wax A MWP (10 g)/NaCl (1 g) 2 h/450 °C 84%

2.4%
Wax B 3 h/450 °C 81%

1.6%
Wax C 4 h/450 °C 60%

3.6%
Wax D 5 h/450 °C 30%

3.6%
Wax E MWP (30 g)/NaCl (3 g) 8 h/450 °C 93%

2.8%
Wax F MWP (50 g)/NaCl (5 g) 12/450 °C 82%

4.1%

a MWP: mixed waste plastic. b Isolated yield using boiling water. c Calcul
using: https://www.engineeringtoolbox.com/hydrocarbon-boiling-m
*Denotes samples that were treated with a shorter pyrolysis time.

3048 | RSC Sustainability, 2024, 2, 3047–3053
was purchased from Fisher Chemical. EVA and gum rosin
natural resin were purchased from Sigma Aldrich.
General procedure of wax recovery

An autoclave reactor was lled with mixed waste plastics
(ground) and 10 wt% of NaCl. The autoclave reactor was
completely wrapped with aluminum foil to maintain the
pyrolysis temperature inside the reactor, and the reactor was
heated using a heating mantle at 450 °C (see Table 1) for the
optimized operation time. The wax was upcycled using hot-
water dispersion, to ensure the complete dissolution of NaCl,
followed by cooling, and then the solid wax was collected from
the top of the water surface (ESI, Fig. 1†). The obtained waxes
were washed several times with DIO water and dried in an oven
at 40 °C for 24 h.
Methodology for creating an adhesive blend

Three ingredients were used to create a hot melt adhesive. The
rst ingredient was the polymer ethylene-vinyl acetate (EVA)
40 wt%, with a melt index of 41–63° min−1 and 190 °C/2.16 kg,
and it was obtained in pellet form (Sigma Aldrich, St. Louis,
MO). The second ingredient was gum rosin natural resin, which
was in coarse powder form (Sigma Aldrich, St. Louis, MO). The
third ingredient we used was the wax created from mixed waste
plastic by the pyrolysis process mentioned for the wax-E sample
in a closed reactor/autoclave at 425 °C. The reason for selecting
the wax-E sample is the scale of the process. The three
components were melted and blended in a 100 mL beaker at
a temperature of 210 °C for 60 min at a stirrer speed of 350 rpm.
Blends were prepared in the ratio of 40/30/30 for EVA/gum
rosin/wax solution by dissolving the components in chloro-
form (at a concentration of 5% by volume) (Fisher Scientic,
Hampton, NH). Chloroform was used to reduce the viscosity
while mixing the molten blends. The blend was then vacuum-
dried at room temperature for 24 h to remove solvent residue.
details.a

axb (wt%) Wax thermal propertiesd

dMw g mol−1ialsc Waxc Tm (°C) Tc (°C)
cTd (°C)

136 117 447
109 96 425 1011

81.6%
106 91 422 975

79.4%
93 77 413 703

56.4%
38 30 175 282

26.4%
118 106 426 1441

90.2%
109 97 413 1011

77.9%

ated from TGA analysis. d Predicted based on the melting temperature
elting-ash-autoignition-point-density-gravity-molweight-d_1966.html.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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A schematic representation of the HMA preparation process is
shown in Fig. 3. EVA was the main component of the adhesive,
gum rosin acted as the tackier for the adhesive's composition,
and the mixed waste wax was used as the rheology modier or
plasticizer.
Methodology to create a glue gun stick

The adhesive blend was reheated in a 100 mL beaker at 210 °C
and poured inside a commercially available hollow Teon tube
with an inner diameter of 9 mm to mold it into the shape of
a glue gun stick cast inside the tube. The molten glue blend
inside the Teon tube was then kept in a refrigerator for 24 h to
attain the shape of the glue stick, as shown in Fig. 3. Aer
cooling and attaining the shape aer 24 h, the tube was cut to
remove the glue gun stick.
Results and discussion
Synthesis of upcycled waxes

MPW, which is commonly sent to landlls, was used as feed-
stock for upcycled waxes. As a general strategy, 10 grams of
MPW were pyrolyzed with 10 wt% sodium chloride for different
time periods, such as 2.0, 3.0, 4.0, and 5.0 h, as shown in Table
1. The role of table salt in promoting pyrolysis processes has
Fig. 1 Wax formation from MWP and their thermal analysis. (a) Photograp
(A–E). (b) DSC curves of the obtained waxes from the MWP (c) TGA curve
under a nitrogen atmosphere.

© 2024 The Author(s). Published by the Royal Society of Chemistry
been recently reported.26,27 Aer pyrolysis, the resultant waxes
were upcycled via a hot-water dispersion approach (Fig. S1†).
This hot-water dispersion approach is simple and very effective,
as the sodium chloride can be easily separated from wax. The
obtained waxes are ready to use for HMA applications, and
sodium chloride can be reused for pyrolysis aer the necessary
drying step. The upcycled waxes obtained from this process
varied from hard to so based on the pyrolysis reactor residence
time. The obtained wax yields were 84%, 81%, 60%, and 30%
(these waxes are respectively denoted as Wax A, Wax B, Wax C,
and Wax D, as shown in Table 1) corresponding to pyrolysis
operation times of 2.0, 3.0, 4.0, and 5.0 h, respectively. The gas
and oil contents increased with the operation time, and the
soness of the obtained wax increased as well. For 30 g of MPW,
the pyrolysis process was conducted for 8 h at 450 °C. During
these experiments performed at the 30 g MPW scale, the yield of
the upcycled wax was 93% (this wax is denoted as Wax E, as
shown in Table 1). In another trial conducted with 50 g of MPW
and 12 h of pyrolysis time, the yield of the resultant wax (Wax F)
was 82%, as shown in Table 1. Photographs of the obtained
waxes are shown in Fig. 1a.

The DSC analysis revealed the melting temperature (Tm) and
the crystallization temperature (Tc) of the resulting waxes
(Fig. 1b). Meanwhile, the MPW sample was found to have Tm
and Tc values of 136 and 117 °C, respectively.
hs of the obtained pyrolytic waxes obtained from MWP, including Wax
s of the obtained waxes from MWP, with a heating rate of 10 °C min−1

RSC Sustainability, 2024, 2, 3047–3053 | 3049
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In general, the Tm and Tc of the resulting waxes are decreased
by increasing the pyrolysis reaction time. For the 10 g scale
experiments, the obtained Waxes A, B, and C exhibited Tm
values of 109, 106 and 93 °C and Tc values o 96, 91, and 77 °C,
respectively. Meanwhile, Wax D was viscous, and thus, it did not
exhibit clear Tm and Tc temperatures. Wax E which was ob-
tained from a larger-scale experiment using 30 g of MPW
showed Tm and Tc values of 118 and 106 °C, while viscousWax D
did not show a clear Td temperature. Meanwhile, Wax F, which
was obtained from the pyrolysis of 50 g of MPW for 12 h,
exhibited Tm and Tc temperatures of 109 and 97 °C, respectively,
which are similar to those of Wax A. The thermal stability of the
resulting waxes was investigated with TGA analysis (Fig. 1c). The
MPW sample decomposed at 447 °C, while the decomposition
temperatures (Td) of the obtained waxes aer pyrolysis were
found to be 425, 422 and 413 °C for Wax A, Wax B, and Wax C,
respectively, while Wax D had a Td of 175 °C. Wax E obtained
from the 30 g scale experiment showed high thermal stability
with a Td value of 426 °C. Recently, we had conducted a revenue
analysis of upcycled wax, which shows an annual revenue of
14.87 million USD from 8400 tons of wax from mixed plastic.
However, comparative studies are required to assess the
economic feasibility of HMAs made from 30% recycled waxes.
The same revenue could be achieved when these waxes are used
for HMA applications.26,27

The obtained waxes also contained some low molecular
weight volatile hydrocarbons. To quantify the actual wax
amount, we excluded volatile contents from them. This was
done by attributing any losses occurring at temperatures below
210 °C to volatile components. A temperature of 210 °C was
selected because commercial paraffin waxes degrade at 210 °C
and above.29–31 Consequently, 210 °C was used as the starting
point to calculate the actual upcycled wax yield without any low
molecular weight hydrocarbons. Losses detected above 210 °C
were attributed to solid wax, while losses observed below these
Fig. 2 GC-MS analysis of the DCM soluble fractions of (a) Wax A, (b) Wa

3050 | RSC Sustainability, 2024, 2, 3047–3053
values were classied as liquid volatile compounds. Conse-
quently, aer deducting the volatile component contents, the
actual wax contents for Wax A, Wax B, Wax C, and Wax D were
found to be 81.6, 79.4, 56.4, and 26.4 wt%, respectively.

Proton nuclear magnetic resonance (1H-NMR) analysis
revealed that the obtained waxes were mainly composed of
saturated hydrocarbon chains, with a signal corresponding to
terminal methyl-protons observed at 0.89 ppm and a signal
corresponding to the methylene protons of the backbone chain
at 1.26 ppm. The ratio of unsaturated protons (∼1%) is attrib-
uted to the presence of alkene protons at 4.6, 4.9, 5.4, and
5.8 ppm, representing both terminal and internal (–C]C–)
bonds, and there are no aromatic protons visible in the spectra
of the waxes (Fig. S1–S5†).

GC-MS analysis was also performed on the dichloromethane
(DCM) soluble fractions of pyrolytic waxes (Wax A–Wax E). Prior
to the GC-MS analysis, the wax was dissolved in DCM and then
diluted 1000-fold in DCM. GC-MS analysis indicates that
a normal series of hydrocarbon peaks was obtained (Fig. 2). The
GC-MS of Wax C- and Wax D-soluble fractions showed a hydro-
carbon distribution range of C15–C34, which is the range found
in diesel fuel. For Wax B, the hydrocarbon was saturated,
lacking carbon–carbon double bonds, with a carbon distribu-
tion range of C18–C34 (Fig. 2c and d). The hard waxes, such as
Wax A and Wax E, showed random hydrocarbon distributions
and possessed both saturated and unsaturated chains (Fig. 2a
and e).
Creating an adhesive blend

EVA was mixed with gum rosin (a natural resin) and upcycled
Wax E in a weight ratio of 40/30/30, respectively. To ensure
a thorough mixing, hot mixing was performed at 210 °C for 1 h
with stirring. To make a glue stick, the molten blend is cast into
a Teon tube to form a glue gun stick-like shape, as shown in
x B, (c) Wax C, (d) Wax D, and (e) Wax E.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The schematics of preparation of a HMA using upcycled wax.
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Fig. 3. The Teon tube was chosen because of its non-sticky
nature.

The physical characteristics of the commercial HMA (CHMA)
and lab-made HMA (LHMA) adhesive blend were visually
compared and are presented in Table S1.† The shape and
consistency of both CHMA and LHMAs were very similar, and
both samples became viscous uids when they were heated. The
set time for both adhesives was approximately 3–7 seconds.

Considering the growing need for resource conservation,
there is an increased emphasis on incorporating recyclable
content in new plastic articles sold in the market. This work
involves the use of recycled low-cost wax derived from mixed-
waste plastics, which offers economic benets as well as
Fig. 4 Up: (A) DSC curves recorded during the second heating cycle an
TGA curves recorded the degradation of the sample up to 600 °C, with LH
properties of LHMA and CHMA were determined via DSC and TGA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
conserves virgin wax materials that are currently used in HMAs.
Additionally, there is a global push for mandatory recycled
content, particularly in Europe and North America.32 The U.S.
Plastic Pact33 has set a target of 30% recycled content in new
plastic articles, and this presents a signicant opportunity for
our HMA to incorporate 30% recycled materials—a key selling
point. The HMA market was valued at over 7.49 billion USD in
2023. It is projected to grow from 7.89 billion USD in 2024 to
11.76 billion USD by 2032, exhibiting a CAGR of 5.2% during the
forecast period. Given this substantial growth, we foresee a clear
path toward the commercialization of sustainable, recyclable
HMAs.
d cooling cycle of LHMA (red) and CHMA (blue) types of adhesives; (B)
MA shown in red and CHMA shown in blue; down: Table 3 the thermal

RSC Sustainability, 2024, 2, 3047–3053 | 3051
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Thermal characteristics of HMAs

Fig. 4 shows DSC and TGA curves and depicts data in table format.
The DSC analysis, shown in Fig. 4A and B, shows that the thermal
properties of LHMA resemble those of CHMA. For example, LHMA
and CHMA have melting temperatures (Tm) of 118 and 108 °C,
respectively. The crystallization temperature (Tc) of LHMA was
found to be 106 °C, while that of CHMAwas observed at 95 °C. The
Tm and Tc of LHMA are typically the same as those of the upcycled
Wax E, which represents 30 wt% of the HMA composition. The
difference in melting and crystallization temperatures between
CHMA and LHMA is attributed to the differences in compositions
and types of waxes blended with the adhesives. The higher Tm of
our LHMA provides it with advantages for use in the packaging
line of corrugated berboard (CFB) boxes and cartons, even during
warm seasons of the year, as well as during storage in warehouses.

We can observe the difference in the TGA curves between the
CHMA and LHMA, as shown in Fig. 4C. CHMA shows a simple
degradation pattern, while LHMA shows more curves and
undergoes degradation at different stages of temperature. This
could be attributed to the fact that CHMA contains PE waxes,
while LHMA has waxes derived from both PP and PE. Inher-
ently, PP is sensitive to high temperature, which could be the
reason for LHMA's different behavior compared to that of
CHMA. However, LHMA undergoes degradation only above
200 °C, which is well above the processing, application, and
service temperatures of HMAs.
Efficacy and sealing strength of HMAs

To examine the peel strength of the adhesives made in this
investigation, the force and tensile strength at maximumweight
were recorded for thermally sealed samples during different
time intervals (see Fig. 5), and the values are reported in Table
S2.† The maximum force required for sealing peel-off (3.77 ±

0.32 lbf) was observed aer 48 h for the lab-made sample.
Fig. 5 Sealing peel strengths (in lbs) of CHMA (commercially available
hot-melt adhesives) and LHMA (lab-made hot-melt adhesives)
samples that had been stored for various lengths of time after thermal
sealing.

3052 | RSC Sustainability, 2024, 2, 3047–3053
The results show that an optimal composition was obtained
when we used 30 wt% upcycled Wax E along with EVA and gum
rosin. The tensile strength and sealing force were very similar
for LHMA and CHMA. Except in case of 48 h mark, there was
a gradual increase in the sealing strength and force required to
peel off the sealing in both CHMA and LHMA. The consistent
sealing strength of the adhesives over different periods suggests
stable adhesion, even aer one week. This indicates that our
lab-made adhesive is equally effective in performance as its
commercially available counterpart during storage.
Conclusion

In conclusion, we have developed an efficient method for con-
verting mixed waste polyolens into upcycled waxes at scales
reaching up to 50 g. The structures and the thermal properties of
the obtained waxes were successfully investigated with NMR,
GCMS, TGA, and DSC characterization, respectively. The ob-
tained upcycled waxes were used to formulate a HMA, which was
compared to the commercial HMA. The HMA produced from
upcycled waxes exhibited a melting point of 117.69 °C and
a maximum degradation temperature of 465.49 °C, closely
matching the properties of commercially available HMA glue
sticks. The sealing strength of LHMA and CHMA is very similar,
with forces in the range of 2–3 lbf. The upcycling of waste poly-
olens intoHMAs was successfully achieved, and these adhesives
were comparable to a commercially available adhesive, thus
demonstrating that this approach offers yet another way to
increase circularity. Further studies that would be helpful include
several-month aging tests and measurements of the soening
point of HMAs and their heat stability. Also, life cycle assessment
and techno-economic analysis will be required to validate the
environmental benets and economic viability of this work.
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