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Upcycling is emerging as a crucial strategy for enhancing the value of polymers, driving the transition
toward a circular material economy. In this study, we present a facile chemical method for converting
high-density polyethylene (HDPE) waste into valuable long-chain dicarboxylic acids (LCDCAs) via a key
enabling unsaturated double-bond formation step. That is, we propose introducing unsaturation points in
HDPE using commercially available heterogeneous catalysts (e.g. Pt/AlOs). The unsaturation level
through C=C double bond formation is around 10%, as confirmed by FTIR, Raman and X-ray photo-
electron spectroscopy. A process of microwave-assisted oxidation is demonstrated to break down the
dehydrogenated HDPE into a mixture of aliphatic diacids. This approach enhances the recyclability and
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value of HDPE by the transformation of polymer waste into bifunctional monomers for potentially novel
polyester synthesis. This process offers a sustainable and value-added alternative to conventional re-
cycling methods. While further optimizations are needed, initial estimates of the E-factor and sEF provide
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Introduction

In the past century, petroleum-based plastics have undergone
remarkable economic growth. However, their beneficial stabi-
lity turns into a disadvantage once disposed as waste in the
environment with alarming consequences.* The growing visi-
bility of climate change emphasizes the urgent necessity for
interventions, particularly in waste management and circular
material design, two crucial areas with substantial potential to
mitigate these impacts.®> For converting polymer waste into
valuable new materials on a large scale, complex and energy-
intensive procedures are envisioned; along these lines efficient
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promising indicators of the potential environmental benefits of this upcycling approach.

catalytic approaches have been established.* By 2020 only 14%
of common polymers (8.3 billion metric tons have been pro-
duced since the 1950s), like polyethylene and polyesters, were
mechanically recycled, mainly resulting in lower-value pro-
ducts that end up as depreciated waste after one more life
cycle.”® Polyolefins in general and, in particular high-density
polyethylene (HDPE, 50 million tons per year), are major con-
stituents of solid waste where only about 30% of HDPE is
mechanically recycled (Fig. 1a). This general downcycling is
limited by the significant degradation of quality after a few
cycles. Developing new, high-quality side-/upcycling methods
for HDPE is thus a crucial strategy in a sustainable and value-
added circular economy.

Catalysts play a significantly important role in side-/upcy-
cling and even in pyrolysis methods (Fig. 1a).”® For side-
cycling, the creation of certain “functional” points along the
inert PE chain is a key step for repurposing the material
(Fig. 1b).>'® Upcycling, which transforms HDPE into lower-
molecular-weight products, also offers a promising alternative
to mechanical recycling.>*'"'> One such widely studied
approach is ‘pyrolysis’, in which plastics are decomposed to
mixed oil or wax at high temperatures (>400 °C), often assisted
by the presence of a catalyst."* However, efficient and economi-
cal chemical processes for HDPE-to-monomer depolymeriza-
tion are still in their early stages.'® Great efforts have been

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) The general post-consumption flow of HDPE, and (b) selected existing side-/upcycling methods for PE treatment, including oxidation,®

catalytic functionalization,'® plasma-assisted cracking,*® tandem hydrogenolysis/aromatization,

22 chemical-biological upcycling of mixed poly-

mers,?® fragmentation—oxidation upcycling process,?® and lastly our dehydrogenation and microwave-assisted oxidation approach, for obtaining ali-

phatic bifunctional monomers.

devoted to energy-efficient catalytic depolymerization methods
to recycle HDPE to value-added products (inter alia surfactants,
functional molecules).”™™>* For example, the market price of
surfactants ($2.3-$10 per kg) is significantly higher than that
of virgin PE ($1.2 per kg).>* The technical capability to upcon-
vert polymeric materials could act as a long-term strategy
towards reaching sustainable cycling, where chemical feed-
stocks are repeatedly polymerized and after their life phase
depolymerized, refined and re-polymerized to useful new pro-
ducts. Notably, the possibility to increase the economic value
via re-polymerization into new functional materials is increas-
ingly recognized as a central asset allowing evolution in a re-
cycling scenario.>***

Innovative approaches by introducing and adjusting the
HDPE unsaturation points as cleavable linkages showed great
potential to introduce functional upgrades into the polymer
chemical structure.>***” Further breakdown of the C=C bonds

This journal is © The Royal Society of Chemistry 2024

by oxidation, metathesis, and other processes could result in tele-
chelic polymers.®***® Recently, a dedicated co-catalytic system,
based on tandem dehydrogenation-metathesis reactions at low
temperature (~150 °C), was applied to depolymerize polyethylene
(PE)."® The depolymerization relies on the selectivity of one cata-
lyst to partially dehydrogenate PE, forming internal double
bonds, while an olefin metathesis catalyst cleaves the polymer
into smaller segments at the double bonds. Co(u)/Mn(u)-cata-
lyzed oxidation supported by an N-hydroxyphthalimide initiator,
for the production of oxygenated small molecules that are advan-
taged substrates for biological conversion, has also gained
increased prominence more recently.”® A similar method via
catalytic oxidation and bioconversion has demostrated the valori-
zation of HDPE waste first to dicarboxylic acids (DCAs) and then
to pharmacologically active compounds.®®

Long-chain aliphatic diacids, diols, and diamines are essen-
tial for creating polymers that fill the niche between poly-

Green Chem., 2024, 26,10422-10433 | 10423
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olefins and traditional polycondensates.”®*'** Specifically,
long-chain dicarboxylic acids (LCDAs) with chain lengths of 10
or more, such as sebacic and dodecanedioic acids, are crucial
for synthesizing nylons and other polycondensates, providing
benefits like high modulus and heat resistance due to their
ability to crystallize.*® These materials, resembling polyethyl-
ene, offer potential for degradability in various
applications.”®***” Currently, LCDAs are produced through
chemical synthesis and biotechnological methods, which are
often unsustainable or costly.”" There is a significant need for
more efficient, economical, and sustainable production
methods, potentially through side- and upcycling of polymer
waste, to access these monomers more effectively.®>>>%

In accordance with these concepts, we developed a two-step
process that enables production of a valuable new class of
long-chain aliphatic monomers via catalytic depolymerization
of HDPE waste products (Fig. 1b, our approach). By partial cre-
ation of unsaturated double bonds, we can enable a range of
new possibilities for side- and upcycling. The proposed pro-
cedure requires a sequence of dehydrogenation and oxidation
steps. Dehydrogenation of HDPE creates reactive points (unsa-
turated double bonds, 5-10%) along the otherwise inert
polymer backbone using industrially available catalysts. A
platinum catalyst was employed, inspired by its established
use in the dehydrogenation of alkanes, due to its high catalytic
activity and stability, e.g. in the Oleflex technologies of UOP.**
In a second step, microwave-assisted oxidation of the unsatu-
rated bonds can directly lead to carboxylic acid-terminated
long-chain monomers, which could be re-polymerized to long
chain polycondensates. This work has resulted in the develop-
ment of a new chemical methodology for (partial) depolymeri-
zation of HDPE into long-chain aliphatic monomers, which
not only has potential to minimize polymer waste but also
adds further value supporting the economics and technical
evolution of a circular economy. It contributes to providing
diverse solutions for chemical recycling; however, some pro-
cesses within the technology still require further optimization.

Results and discussion
Characterization of catalysts

In order to obtain dehydrogenated HDPE rather than cracking
products, selective C-H activation is needed, yet this remains a
very challenging process. The cleavage of C-C bonds is more
easily activated, since the average bond energy of the C-C
bond (347 k] mol™") is weaker than that of the C-H bond
(414 kJ mol™").** Pt is the well-utilized noble metal for the
direct dehydrogenation of light alkanes, owing to its facile
C-H bond activation over C-C bond scission.*' Al,0; is a
stable carrier of Pt catalysts, in which the coordinatively unsa-
turated pentacoordinate AI** sites on the y-Al,O; (100) surface
can anchor Pt to make it resistant to migration, such as in the
Oleflex process developed by Honeywell UOP.** Therefore, a
commercially available Pt/Al,O; catalyst was selected deliber-
ately to demonstrate the feasibility and potencial scalability of
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this work (Fig. 2a). The catalyst was firstly characterized using
various methods before its use. The surface area of the Pt/
Al,O; catalyst was determined to be 84 m® g~* based on the
nitrogen adsorption-desorption isotherm at 77 K using the
Brunauer-Emmett-Teller (BET) theory (Fig. S2a and S2bf).*?
This is smaller than that of commonly reported alumina
matrix, which could be due to the wet impregnation methods
used.** Fig. S2ct gives the measured amounts of total and
strongly chemisorbed hydrogen (H,) at 298 K. Strongly chemi-
sorbed H, was determined from the amount that did not
desorb during evacuation at the analysis temperature. It was
measured and found to be 0.529 mL g™, which indicates dis-
persion of roughly 93% for the supported Pt nanoparticles.
The total H/Pt ratios of Pt/Al,O; at room temperature was close
to one, which is often observed for small metal clusters on a
supporting matrix.*>*’

The XRD profiles of the alumina-loaded catalysts showed
the characteristic diffraction peaks of the Al,O; support
reported at 26 = 38.5°, 45.8° and 67.0° (Fig. S31). Although the
introduction of platinum usually induces the appearance of a
small peak of metallic platinum, it is not tangible in the
present case, indicating the well dispersed Pt on the matrix. It
is also a sign that Pt particles should be very small. Consistent
with BET and XRD analyses, the TEM and HAADF-STEM
images of untreated catalyst show less dense and mesoporous
Al,O; with Pt nanoparticles around 1.0-1.5 nm (Fig. 2b and
Fig. S4a-ct). The hydrogen activation of the catalyst introduced
certain amounts of aggregation, yet sizes of Pt nanoparticles
still remain at around 2 nm (Fig. S4d-f}). The porous nature of
the matrix and the low amount of catalyst loading can also be
confirmed by SEM and EDX (Fig. S5). Furthermore, HDPE is a
very viscous liquid when molten, which is a critical property
that affects its processability for end-of-life treatment. To
reduce the viscosity of the reaction mixture and to facilitate
the dehydrogenation process by loosening the polymer chains,
toluene was used as solvent for improving the homogeneity of
the reaction and eventually achieving better conversion. After
the reaction, the catalyst was seperated and the solvent was
recovered using rotavapor equipment for reuse.

Characterization of the dehydrogenated HDPE

Following the toluene-assisted dehydrogenation process,
HDPE was treated using the hydrogen-activated Pt/Al,O; cata-
lyst. This reaction was conducted at 250 °C for varying dur-
ations of 36, 48, and 72 hours. Upon completion of the
respective reaction times, the treated HDPEs, designated as
HDPE-36, HDPE-48, and HDPE-72, were collected and dried
for subsequent characterization. The structural simplicity of
HDPE, with its repetition of CH, units, does not reflect the
complexity and properties of the real material. Ideally, the
dehydrogenation treatment of HDPE should introduce unsa-
turation while maintaining the polymer’s molecular weight;
chain scission is expected to be negligible at this point. This
assertion is supported by the analysis of number-averaged
molecular weight (M,), weight-averaged molecular weight
(My,), and the polydispersity (PD = M,/M,,) values, which were

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Upcycling of HDPE via a two-step process: (a) schematic flow with the first dehydrogenation step using 1 wt% Pt/Al,Os in dry toluene and
treated for 36—72 hours at 250 °C under Ny; (b) STEM micrograph of the catalyst (Pt/Al;O3) used; (c) GPC traces of the HDPEs with images before
and after treatment; and (d) XRD patterns of HDPEs with enlarged area of the spectra between 16° and 26°.

quantified using high-temperature gel permeation chromato-
graphy (GPC), with results as depicted in Fig. 2c. Consistency
in signal profiles across treated and untreated samples was
meticulously noted, indicating no significant molecular weight
variation or degradation; M, values ranged approximately from
13k to 15k, M,, from 50k to 55k, and PD from 3.6 to 4.0, as cat-
alogued in Table S1.f The chromatographic findings suggest
that the integrity of the polymer chains remained unaffected
by the catalytic treatment, as demonstrated by the alignment
of retention times, peak shapes, and intensities with those of
the control sample.

HDPE exists generally as a mixture of crystalline and amor-
phous phases. One of the important questions that came up
was whether the HDPE morphology changed after relatively
harsh dehydrogenation reaction conditions, especially the
branching and trans-cis properties.*®*° In principle, melting
points of alkenes are similar to those of alkanes. However,
since trans-configured alkenes are more symmetrical and
hence less polar, they have normally higher melting points
than those of cis-alkenes. Additionally, alkenes display weak
dipole-dipole interactions due to the electron-attracting sp”
carbon, which might influence their melting points.
Differential scanning calorimetry (DSC) analyses (Fig. S67)
further elucidate the polymer’s thermal response (i.e. melting
and crystallization) to dehydrogenation treatment, using the
cooling and second heating curves. HDPE, characterized by

This journal is © The Royal Society of Chemistry 2024

minimal to no chain branching, exhibits a highly crystalline
structure, reflected in the narrow range of endothermic peaks
between 115 and 142 °C during melting. The similarity in
melting temperature (Ty,,) and crystallization temperature (7)
values, and the slightly increased crystallinity (X.) calculated
by melting heat of fusion (AH,,,) values before and after treat-
ment, as documented in Table S1,f imply negligible altera-
tions in the thermal characteristics following the treatment.
This preservation of thermal behavior, which is likely attribu-
table to the maintenance of lamellar thickness within the
polymer crystals, is indicative of the treatment’s efficacy
in retaining the polymer’s structural integrity.”®
Thermogravimetric analysis (TGA, Fig. S7}) corroborates the
thermal stability of HDPE, further reinforcing the conclusion
that the dehydrogenation process compromises neither the
polymer’s molecular weight nor its thermal properties, thereby
maintaining its intrinsic material complexity.

In addition, XRD is used to confirm the crystallinity of the
untreated HDPE blank and its change after dehydrogenation
(Fig. S81). Two sharp crystal diffraction peaks can be observed
at ~21.4° and 23.8°, which correspond to diffraction from the
(110) and (200) planes of the orthorhombic crystal structure in
the HDPESs, respectively.*® Also, the broad scattering peak lying
below the two sharp peaks represents the amorphous portion.
The crystalline phase generally increases with increasing mole-
cular weight and decreases with increasing chain branching.

Green Chem., 2024, 26,10422-10433 | 10425
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There is a subtle decrease in diffraction intensities of the
amorphous portion of treated HDPEs (Fig. 2d), which corres-
ponds to the mild change in the crystallinity of HDPE before
and after the dehydrogenation treatment, as observed in the
thermal analysis.

Importantly, the formation of unsaturated double bonds is
observed both in FTIR and Raman spectra (Fig. 3). The FTIR
pattern and absorptions are almost identical to those of the
blank HDPE (Fig. 3a), except for the appearance of =CH-
stretching at around 3000 cm ™", which is obvious (Fig. 3c). The
=CH- bending located at around 890 cm™" is also observable
(Fig. 3d), while the C=C stretching peak (i.e. that between
1680 and 1630 cm™ ") is too subtle to be observed. This may
result from the C=C trans-configuration. Since it is symmetri-
cally substituted, the C=C stretching is a symmetric stretching
of an almost symmetric molecule, similar to the symmetric
stretching of CO,. In this case the peak intensity is zero.
Furthermore, no observable vibrational peaks near 1100 cm™*
and 1650 cm™" of the C-O and C=O0 bonds appear, showing
no indication of chain oxidation. Meanwhile, HDPE treated at
lower temperature (200 °C for 36 and 48 hours) showed no evi-
dence of =CH- stretching or =—CH- bending signals
(Fig. S9t). The crystallinity can be estimated from the FTIR
spectra by using Zerbi’s equation,>® comparing absorbance
peaks at 730 ecm ™! and 720 ecm ™" with that of the internal refer-
ence 2019 cm ™" peak. According to Zerbi et al.,’" the bending

(b)
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vibrations at 1474 and 730 cm™" (crystalline phase) and 1464
and 720 cm™" (amorphous phase) correspond to the frequency
behavior of CH, symmetric stretching, which is also a function
of trans—cis conformation (Fig. 3b). The amorphous phase indi-
cated by the peak at 720 cm™" slightly decreases.

Raman spectra for the untreated HDPE blank and dehydro-
genated HDPE in the region between 200 and 3500 c¢cm™
showed some divergences. For the blank HDPE, the relevant
vibrational bands due to skeletal C-C stretching
(1050-1150 cm™'), =CH- bending (scissoring between 1245
and 1277 ecm™"), CH, and CH; bending (1400-1500 cm™%),
C=C stretching (1600-1700 cm™'), and C-H stretching
vibrations (2800-3000 cm™') are shown in Fig. 3e. For the
dehydrogenated HDPE, the Raman spectra possess differences
in fingerprint (C=C stretching) regions;’* therefore, it con-
firms the existence of double bonds on the HDPE backbones
(Fig. 3f). Visually inspecting the spectra offers a fast initial
understanding of unsaturation formation. The total unsatura-
tion can be estimated semi-quantitatively by measuring the
ratio of the C=C stretching (v C=C) centered at 1601 cm ™" to
the CH, scissoring deformation (§ CH,) at 1444 cm*, via
Gaussian fitting and integration of the identified band areas at
1540-1670 cm™' and 1390-1510 cm™' (Fig. S107).>
Calculating band intensity ratios is a direct approach to quan-
tifying total unsaturation, and here we obtained roughly 10%
unsaturation yield. Additionally, Raman spectroscopy can offer
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(a) FTIR spectra of the HDPE before (blank) and after dehydrogenation (HDPE-36, 48, 72), with (b) enlarged area of the CH, stretching range,

(c) the =CH- stretching range, (d) the =CH- bending geminal disubstituted alkene range, (e) Raman spectra of the HDPEs before and after dehy-
drogenation treatment, and (f) the enlarged area at the C=C stretching range.
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information on the structural characterization of PE. The
modified Strobl and Hagedorn method is generally accepted
and applied in the investigation of PE morphological struc-
ture.>® The normalized transmittance of the 1416 cm™" band
could be used to estimate the crystalline fraction in HDPEs
(Fig. S11%), which indicates a slight increase of the crystallinity
after treatment (Table S27).

Fig. 4a depicts the XPS survey scans for HDPE in its native
form as well as that for HDPE-72 with the most double bonds
as characterized by Raman spectroscopy. As expected, both
contain only carbon (C) in significant amounts. In addition,
XPS can further confirm double bond formation by dis-
tinguishing carbon atoms at different hybridization states.”®
Both the C 1s photoelectron peak as well as the X-ray excited C
KLL Auger peak can be used to characterize the hybridization
fractions of carbon electrons (sp®> and sp?).>® Due to only a
small difference of 0.3-1.0 eV in binding energy from C 1s sp®
to sp’, the C 1s peak only gives a semi-quantitative determi-
nation of the sp®/sp® ratio.>>*”° In the C 1s spectrum fitting,
we have fixed the two components of C sp” and C sp® to the
ranges of literature values of 284.3-284.6 eV and 284.9-285.2
eV, respectively,”>**® and restricted the fitted FWHM to be
the same in both components.

After treatment, HDPE exhibited a slight binding energy
shift towards lower energies (see Fig. 4b). This shift results in
an increased part of the sp> component, which is localized at
lower binding energies, as is observable from Fig. 4c. The C 1s
component towards higher binding energy (at around 285.9
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eV) represents vibrational fine structure as described for a
reference HDPE spectrum.®® The sp®/sp® ratio can be more
quantitatively evaluated using the shape of the Auger C KLL
spectrum (excited by X-ray photons), which represents a finger-
print of the carbon states.®® The method consists of determin-
ing the distance (the so-called D parameter) between the most
positive maximum and the most negative minimum of the
first derivative of the C KLL spectrum (see the ESI{).®* The D
parameter is independent of absolute binding energy cali-
bration and hence, the determined sp* content from it rep-
resents a more quantitative value than the one resulting from
the fitting of the C 1s peak with components lying close
together in binding energy. Fig. 4d depicts the C KLL Auger
spectrum for the two investigated samples and Fig. 4e shows
the corresponding determination of the D parameter via the
first derivative of the C KLL spectrum. The width of the C KLL
Auger peak is increased for the HDPE-72 sample. The value of
14.0 eV for the D parameter results in 17.3% of sp> for
HDPE-72, which is consistent with the value obtained from the
C 1s peak (see Table S3t). Therefore, successful partial dehy-
drogenation of the HDPE and formation of desired double
bonds are confirmed using various techniques.

Analysis and application of the oxidized products

After achieving the desired partial unsaturation, microwave-
assisted oxidation was conducted to facilitate depolymeriza-
tion towards the target functional monomers. The efficacy of
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Fig. 4 Comparison of the XPS spectra of the blank HDPE and HDPE-72. In (a), (c) and (e), the two spectra are offset in the y-direction for better
visualization. (a) Survey scans; (b) high-resolution scans for C 1s and (c) curve fitting of the envelope into composite peaks of sp?, sp* and vibrational
fine structure (dashed lines); (d) X-ray excited carbon KLL Auger spectra; (e) first derivative of the carbon KLL Auger spectra obtained by numerical

differentiation.
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strong oxidation catalysts, specifically diluted nitric acid solu-
tion (0.10 g mL ™" in water), was assessed in promoting the oxi-
dative degradation of the dehydrogenated HDPE (1 g) into a
mixture of dicarboxylic acids. The reaction was carried out in a
Milestone SyntWAVE microwave reactor for 1 hour at 180 °C,
and the pressure was kept constant at 60 bar under an N,
atmosphere. The depolymerized solutions of untreated and
dehydrogenated HDPEs were directly analyzed using
UPLC-MS, which revealed distinct differences between the pro-
ducts derived from dehydrogenated HDPE and those from the
blank HDPE. The blank HDPE primarily underwent surface
carbonization with a low concentration of detectable organic
fragments (Fig. S121). HDPE-48 was depolymerized into frag-
ments that are completely water-soluble (Fig. 5). This was
further confirmed by UPLC-MS analysis, in which the extracted
products via total ion chromatography (TIC) and UV spec-
troscopy channels indicated significant variances in their
chemical signatures (Fig. 5b and Fig. S13t). Mass spectrometry
(MS) analysis suggested that the primary degradation products
were long-chain aliphatic diacids, predominantly those with
carbon chain lengths shorter than C13 (Fig. S147}), exhibiting a
notable distribution of chain lengths (C9-C13). The distri-
bution of oxidation products is directly influenced by the con-

(a)

—

View Article Online
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centration of double bonds in the treated HDPEs. The oxi-
dation solution of HDPE-36 exhibited a broader range of mass
and UV signals compared to HDPE-48 (Fig. S157), likely due to
a lower concentration of double bonds within the HDPE
chains. Conversely, the oxidation solution of HDPE-72 demon-
strated a narrower product distribution though with relatively
lower concentration. Given its relatively narrow product distri-
bution and sufficient concentration, HDPE-48 was selected for
further analysis. The resulting diacids were collected, further
characterized, and repolymerized.

After oxidation of HDPE-48, the crude solution was neutral-
ized using NaOH (1 M) solution for further separation.
Chloroform was employed to separate the longer chain DAs
from the mixture. Post-separation and drying, 0.84 g of DAs
was derived from 1 g of HDPE, resulting in a carbon conversion
yield of approximately 58%. In future work, we plan to separate
more fragments from the water solution for better recovery of
the materials. The confirmation of the isolated LCDAs was
further achieved through attenuated total reflection FTIR spec-
troscopy (Fig. 5¢). This analysis highlighted the presence of car-
boxylic acid groups, as evidenced by characteristic absorption
regions indicative of carbonyl (C=O) and hydroxyl (-OH)
groups. The oxidized products, both pre- and post-isolation,
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Step2 M~ C9 - C13 diacids

Oxidation O o

/J:';>[“‘\/O%O/“\/O\O/ ][:> HOWOH

MW.

Step 1
/Dehyd rogenation

HDPE

(b c10 c11

—

‘ ( } 22‘35{:13

%

TIC Intensity

i

3! “’MJ" ok Lf-" ey w‘\ fl i V\\

W"‘Whp LA

180 °C ¢
1 hour

\

-O-H
T e
-C=0-OH
— _ HDPE-48

-C-OH
—— Oxidized mixture -
——Isolated LCDAs

100 150 200 250 300 3%

Time (min)

Fig. 5

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

~00

(a) The microwave-assisted oxidation step of dehydrogenated HDPE to LCDA products using nitric acid as the oxidation reagent in a micro-

wave reactor (Shelton, CT) for 1 hour at 180 °C under an N, atmosphere; (b) UPLC-MS chromatograms of the oxidized fragments detected in the TIC
channel, under the ESI-method; and (c) the FTIR spectra comparison of the dehydrogenated HDPE and the oxidative products.
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displayed a prominent peak in the range of 3430-3300 cm™,
attributed to O-H stretching vibrations, and an asymmetric
stretching vibration of the C=0 bond at around 1710 cm™".
Additionally, the C-O stretching vibration was identified at
approximately 1015 cm™". Post-extraction spectra indicated the
absence of nitric acid-related signals, further confirming the
purity of the isolated products. The aliphatic nature of these
compounds was corroborated by absorption peaks associated
with CH, stretching modes (2950-2850 cm™') and scissoring
vibrations (1450-1400 cm™'), as well as a C-H bending
vibration at 700 ecm™'. Nuclear magnetic resonance (NMR)
spectroscopy provided further characterization of the diacids,
revealing a predominantly linear structure with negligible
branching, as inferred from the minimal presence of methyl
groups in the 'H and *C NMR spectra, as shown in Fig. S16.F
In summary, the successful formation of LCDAs via this oxi-
dative process has been validated through multiple analytical
techniques, with the observed chain-length distribution pri-
marily ranging between C9 and C13. The potential appli-
cations, i.e. raw material for polycondensation, and further pro-
cessing of these diacids are under exploration.

After obtaining functional monomers, and in order to
demonstrate an initial application of the isolated LCDAs, they
were employed in a molten catalytic condensation process

1,5-Pentanediol

0 0
(a) HOWOH

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Ti(OBu),
180°C,3h, N,

230 °C, 3 h, 0.5 mbar
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using titanium(iv) butoxide catalyst alongside 1,5-pentanediol,
utilizing a two-step polycondensation technique (Fig. 6a).%>
The oligomers produced in the first step and the polyester
created in the second step appear yellowish and opaque
(Fig. 6b). In comparison with HDPE-48, both the oligomer and
polyester exhibited notably smaller molecular sizes with
results as depicted in Fig. 6¢c. However, following the two-step
polycondensation, the M, values of polyester increased from
1k to 3k, and M,, from 6k to 10k (Table S47), quantified using
high-temperature GPC. The polyester’s thermal properties also
presented complex behavior, with noticeable improvements
over that of the oligomers (Fig. 6d and e). Despite the polycon-
densation processes, the FTIR spectra displayed consistent pat-
terns (Fig. 6f). This trial confirms the potential of LCDAs for
polyester synthesis, setting the stage for further exploration.
Future studies could systematically explore the effects of
diol chain length and the impact of even-odd chain lengths
on the chemical, thermal, crystalline, morphological, and
mechanical properties of the resultant polyesters. While the re-
cycling approaches for polyesters are more advanced compared
to those for polyolefins,'®?** significant hurdles persist, par-
ticularly in the separation and decontamination processes.
Considerable efforts are essential in order to transition from a
linear polymer economy to a more sustainable, circular model.
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Fig. 6

(a) Demonstration of polyester synthesis using a two-step molten polycondensation process of the LCDAs with pentanediol and catalytic

amount of Ti(OBu),4 at 180 °C for 3 hours, then with reduced pressure at 230 °C for another 3 hours; (b) the appearances of the oligomer and poly-
ester; (c) comparison between the GPC traces of HDPE-48, oligomer and polyester; (d) TGA and DTG curves of the HDPE-48 and polyester; and (e)
the melting and crystallization behaviors and (f) the FTIR spectra comparison of the oligomer and the polyester.
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Environmental consideration

For the developed two-step upcycling process, we have con-
sidered specific environmental indicators. Since the E-factor
(environmental factor) concept has been instrumental in
addressing the issue of waste generation,® it has driven the
development of cleaner processes for sustainable chemical
manufacturing. It is defined as the mass ratio of waste to
desired product, including reagents, solvent losses, and all
process aids, except water (eqn (1)). We reviewed the two-step
process and calculated the waste generation accordingly
(Fig. S171) with an estimated 10% solvent loss per step.
Depending on the stage of development of the process, the use
of simple E-factor (SEF) values for early route scouting activi-
ties, without taking solvents and water into account, is also
appropriate (eqn (2)):.**

(1)

E-factor = (mwaste + Mgolvent loss)/mproduct

Simple E-factors = @)
2
(Z Mraw materials + Z Mreagents — mproduct) / Mproduct

The E-factor was calculated and was roughly 9.2, which is in
the range of the fine chemical sectors. If solvents are excluded,
the sEF was found to be 3.17. Compared with a few selected
examples of functional molecule synthesis (Table S4t), this
waste-based valorization process has demonstrated similar

] 249
R 5374

EI 2.7
L 160
10000
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environmental factors. However, further optimization is essen-
tial for upscaling the process in future work. For instance, in
the dehydrogenation step, a mechanical process can be envi-
sioned to replace the solvent-assisted solution to address the
viscosity issue of polymer melts. Additionally, in the oxidation
step, alternative catalytic oxidizing reagents will be screened
for effective depolymerization.

Reclaiming of catalyst

In addition to the abovementioned points, the ability to reuse
the catalyst holds significant economic relevance. Thus after
the dehydrogenation step, the recovered catalyst was collected
and underwent regeneration through calcination and hydro-
gen activation for subsequent utilization, as depicted in
Fig. S1.7 The TGA and DTG analyses indicated that the degra-
dation of the polymer residue on the catalyst surface requires
up to 400 °C in air (Fig. S187); therefore a relatively harsh
regeneration temperature (500 °C) for two hours with a temp-
erature ramp of 3 °C min~" was applied to reactivate the cata-
lyst. However, TEM and EDX analyses, as presented in Fig. 7,
confirmed not only further aggregation of the nanoparticles
but also the accrual of a modest amount of carbon residues.
The Pt nanoparticles displayed heterogeneity and formed
aggregates with dimensions surpassing 10 nm, a significant
increase from the approximately 2 nm observed in the freshly

Atom%
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57.96
21.03
0.10

G 1423
I 5253
I 3214

1.09

10000

P 1 2 3 4 5 ) 7 0

Fig. 7

05

semi-quantitative estimate of the catalyst composition before and after use.
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(a) TEM image and (b and c) HAADF-STEM images of the recycled catalyst after one dehydrogenation use; (d) and (e) SEM-EDX spectra with a
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activated catalyst prior to use. EDX spectroscopy indicated a
notable accumulation of carbon residues after a single catalytic
cycle, as illustrated in Fig. 7 and Fig. S19.}

To address nanoparticle aggregation®® and carbon buildup,
future investigations should focus on fine-tuning the regener-
ation conditions, reducing Pt loading on the matrix to less
than 0.5%, and incorporating a secondary metal component,
such as tin (Sn), gallium (Ga), or indium (In),*®*” into the cata-
lyst composition. This can be achieved using wet impregnation
or plasma methods.®® This additional metal is anticipated to
form an alloy with Pt under operational conditions, enhancing
the catalytic conversion, impeding metal sintering, and cru-
cially, minimizing coke formation, thereby extending the cata-
lyst’s operational lifespan. The enhancements observed with
platinum alloys are attributed to both geometric effects, which
modify the crystalline structure of the catalyst, and electronic
effects, influencing the reactivity of platinum’s valence elec-
trons and reducing the interaction between olefins and the
catalyst.®® Given the superior dehydrogenation efficacy of plati-
num alloys compared to monometallic platinum, their suit-
ability in the HDPE dehydrogenation process warrants further
exploration.

Conclusion

This study has demonstrated a chemical strategy for side- and
upcycling of HDPE, addressing the critical need for treatment
of plastic waste. By employing a two-step catalytic depolymeri-
zation process, we have successfully converted HDPE into
value-added functional monomers, specifically long-chain ali-
phatic diacids, through the introduction of unsaturation
imperfections via C=C double bond formation within the
polymer chains, using a commercially available heterogeneous
Pt/Al,O; catalyst. The use of FTIR, Raman spectroscopy, and
XPS for the characterization of the chemically modified HDPE
has provided crucial insights, confirming the formation of
C=C double bonds and enabling a semi-quantitative assess-
ment of unsaturation levels. The successful production of
long-chain aliphatic diacids from HDPE-48, with a diverse
range of chain lengths (C9-C13), not only underscores the via-
bility of this approach but also highlights the potential of
using polymer waste as a chemical feedstock. This represents a
step towards the realization of a circular economy by trans-
forming plastic waste into critical resources, thereby mitigat-
ing environmental impact and contributing to sustainability.
The utilization of these double bonds will be further investi-
gated for HDPE functionalization or repurposed applications.
Meanwhile, this study acknowledges several challenges that
require further attention, including the investigation of realis-
tic recycling scenarios with impurities, optimization of the cat-
alyst’s lifetime, the purification of diacids, development of
cleaner processes, and utilization of the resultant chemicals.
The simplified environmental effect of the two-step process is
estimated using the E-factor (9.2), which indicates potential to
further improve process efficiency and environmental sustain-

This journal is © The Royal Society of Chemistry 2024
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ability. Additionally, employing diacids in polycondensation
for application development remains valuable for future
research. The goals of this research are to refine and expand
the applicability of chemical recycling methods for HDPE. By
continuing to explore innovative approaches to (partially)
depolymerize HDPE more directly, efficiently, and cleanly, we
can further contribute to the development of sustainable
materials management practices and advance a circular
economy.
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