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Mild aqueous metal catalyzed oxidative conversion
of low-density polyethylene to low molecular
weight aliphatic carboxylic acids†
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Aqueous oxidative deconstruction of low-density polyethylene

(LDPE) was investigated using homogeneous first-row transition

metal catalysts under mild conditions (130–150 °C and ≤100 PSI

oxygen pressure). Oxidation of LDPE resulted in high yields of low

molecular weight carboxylic acids (up to 75% yield as determined

by carbon balance). Aqueous processing is well-suited for biologi-

cal conversion of the breakdown products.

Commodity plastics have become an integral part of modern
society. Due to their low costs and broad applicability, pro-
duction of plastics continues to grow, approaching 400 million
tons (Mt) annually.1 A significant portion of plastics are used
for short-term applications and are immediately discarded
after use. Recent studies report that only 9% of discarded plas-
tics are recycled globally; the rest end up in landfills, are incin-
erated, or are discarded into marine environments.2 The
amount of plastics in landfills and marine environments is
expected to reach 12 000 Mt and 150 Mt, respectively, by
2050.3,4 The majority of plastics in these waste streams are
polyolefins (POs) due to their versatility, low cost, and appeal-
ing chemical and mechanical properties.5 While POs such as
high-density polyethylene (HDPE), low-density polyethylene
(LDPE), and polypropylene (PP) eventually break down in land-
based and marine environments, hundreds of years are
required to achieve complete degradation.3

Efforts to mechanically recycle POs are often inefficient,
resulting in materials with substantially reduced mechanical
properties, and use processes that release volatile organic
compounds.4,5 The decline in mechanical perfromance

renders the recycled materials useless, leading to their dispo-
sal. To advance beyond traditional recycling methods, chemi-
cal or biological upcycling of POs has attracted considerable
interest for achieving a more circular carbon economy.6–8 The
primary goal is to produce high value monomeric feedstocks,
waxes, lubricants, or fuels.9–14 Due to their stable C–C back-
bone bond structure, PO chemical conversion is challenging,
typically requiring harsh conditions including high tempera-
tures and pressures, toxic metal catalysts, and caustic chemical
species. Upcycling polyolefin films is particularly of interest
since film products can damage mechanical recycling equip-
ment and thus are generally unwanted by material recovery
facilities.15 Against the backdrop of inefficient mechanical re-
cycling, the demands of harsh conditions for C–C bond clea-
vage, and pragmatic concerns in industrial processes, we
expect that processes for upcycling waste plastics should
embrace the principles of green chemistry.16

Herein, we report a new method of aqueous metal-catalyzed
oxidative deconstruction of LDPE film to produce intermediates
suitable for either chemical or biological conversion to value-
added products. Earth-abundant and inexpensive first-row tran-
sition metal catalysts were utilized to develop a “green” chemical
conversion process.17–19 In prior work, partial oxidation of PE was
used to generate low molecular weight polymeric or oligomeric
waxes or oils for use as emulsifiers, coatings, inks, additives for
textiles, and lubricants.10,20–24 More extensive deconstruction to
low molecular weight oxidized compounds has been demon-
strated using dilute aqueous nitric acid with heat25 or microwave
radiation,26 NOx/O2,

27 permanganate,20,21,28 aerobic oxidation in
acetic acid using metal/bromide29 or Co(II) and Mn(II) catalysts,30

Fenton reaction after sulfonation,31 O2/ozone,
32 and thermal oxi-

dative degradation.33,34 In the present work, we sought to convert
commercial LDPE film into valuable chemicals or precursors (ali-
phatic carboxylic acids) using mild, aqueous oxidative conditions
that do not rely on high temperatures (>150 °C), flammable
organic solvents, or caustic/reactive species like nitric
acid.18,19,23,24

Our initial focus was to survey the effects of various factors,
including temperature, metal catalyst type, and catalyst con-

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4gc02187h

aDepartment of Environmental System Biology, Sandia National Laboratories,

Albuquerque, New Mexico, 87123, USA. E-mail: mmkent88@gmail.com
bDepartment of Bioresource and Environmental Security, Sandia National

Laboratories, Livermore, California, 94551, USA
cDepartment of Organic Materials Science, Sandia National Laboratories,

Albuquerque, New Mexico, 87123, USA
dDepartment of Materials Reliability, Sandia National Laboratories, Albuquerque,

New Mexico, 87123, USA

10390 | Green Chem., 2024, 26, 10390–10396 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 5

/1
0/

20
26

 2
:3

0:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/greenchem
http://orcid.org/0000-0002-1096-7034
http://orcid.org/0000-0003-2847-3080
http://orcid.org/0000-0002-4434-1320
http://orcid.org/0000-0003-0401-9457
https://doi.org/10.1039/d4gc02187h
https://doi.org/10.1039/d4gc02187h
https://doi.org/10.1039/d4gc02187h
http://crossmark.crossref.org/dialog/?doi=10.1039/d4gc02187h&domain=pdf&date_stamp=2024-10-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc02187h
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC026020


centration on the aqueous oxidative deconstruction of LDPE
film (30 µm thick, Goodfellow). This film was specifically
chosen since it is composed of high molecular weight LDPE
(225 000 g mol−1). Higher molecular weight polymers generally
require more strenuous deconstruction conditions. Several cat-
alysts were utilized, including KMnO4, CuSO4, CoSO4, and
FeSO4 with loadings ranging from 2.5 to 10 weight percent
relative to LDPE substrate (Scheme 1). Reactions were carried
out in a 1 L T316 stainless steel reactor using a 5 mg mL−1

loading of LDPE at 130 °C and 150 °C, and an initial oxygen
pressure of 100 PSI (6.9 bar) over the course of 20 h. Oxidation
yielded a high fraction of water-soluble products and small
amounts of insoluble materials. Reactions at temperatures at
or below the melting point of LDPE (110–120 °C) resulted in
greatly decreased yields of soluble products and were not
studied further. To facilitate the analysis of products, insoluble
material was removed by centrifugation. The remaining solu-
tion was mixed with a cation exchange resin to remove metal
salts (Table S1†), filtered, and freeze-dried (Scheme 1C).

The water-soluble products were first analyzed by elemental
analysis to determine the efficiency of each reaction. Fig. 1 and
Tables S2 and S3† show the yield for each reaction, quantified
as the mole percent of carbon recovered as water-soluble pro-
ducts relative to that in the original LDPE film. Fig. 1 also
shows the portion of the carbon in water-insoluble species that
did not fully break down and, by difference, the volatile frac-
tion lost during the reaction or upon freeze-drying. Water-in-
soluble compounds were not characterized by mass spec-
trometry due to their low abundance and heterogeneity, but
size exclusion chromatography (SEC) confirmed they are par-
tially deconstructed (discussed below). The major fraction of

the oxidized products was water-soluble and accounted for
24–70 mol% of the carbon relative to the pristine LDPE film.
Surprisingly, reactions using the lowest catalyst concentrations
(2.5 wt% relative to substrate) at 130 °C demonstrated the
highest yields. For those reactions, 51–70 mol% carbon was
recovered (Fig. 1) which is comparable to previously reported
oxidative deconstruction methods.26,29,30,35 In all cases, except
for oxidation using KMnO4, increasing the reaction tempera-
ture to 150 °C (at 10 wt% catalyst) resulted in a significant
decrease in carbon recovery. This decrease is consistent with
Partenheimer’s work on metal-catalyzed LDPE autooxidation,
which demonstrated a similar reduction in yield when increas-
ing reaction temperature, presumably through over-oxidation
resulting in volatile products.29 We note that stainless steel
reactors can catalyze LDPE oxidation, thus several control
experiments including no catalyst were performed to establish
the catalytic activity of the metal salts used in this study.
Reactions without catalyst showed a small amount of conver-
sion (23 ± 2.9 mol% of carbon recovered, Fig. S21†).

Thermally driven polyethylene autoxidation proceeds
through an intricate multistep process that imparts oxygen-
containing moieties onto the aliphatic backbone, which can
be followed by a C–C cleavage event. Prior studies have
reported that metal-catalyzed PO autooxidation (in the pres-
ence of Co and Mn catalysts) proceeds via a free radical reac-
tion to generate alkyl radicals (postulated mechanism shown
in Fig. S1†).29,36–38 Oxygen reacts with alkyl radicals to generate
peroxy radical intermediates. Metal catalyzed homolytic O–O
bond cleavage of the peroxide results in the formation of
alkoxy radicals which can then undergo C–C bond cleavage via
β-scission. Further oxidation results in the formation of car-
boxylic acid moieties, primarily aliphatic dicarboxylic acids
(ADAs) (Scheme 1a); however species containing ketones and

Scheme 1 Metal catalyzed aqueous oxidation of low-density polyethyl-
ene (LDPE). (A) Reaction scheme depicting the various conditions used
to oxidize LDPE into water-soluble aliphatic dicarboxylic acids. (B)
Proposed minor products formed during the reaction. (C) Photographs
of the oxidative conversion of LDPE film into water-soluble fragments
followed by freeze-drying.

Fig. 1 Carbon recovery after LDPE oxidation using various catalyst con-
centrations and reaction temperatures. Percent carbon was determined
from the carbon recovered in the water soluble and insoluble products
using elemental analysis and the carbon content of the initial LDPE film.
The mole percent carbon present in volatile moieties was determined as
the difference between the carbon of the initial LDPE film and that
recovered in water and insoluble soluble products. Catalyst weight
percent is calculated relative to LDPE substrate. CoSO4 and FeSO4 are
heptahydrate salts.

Green Chemistry Communication

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 10390–10396 | 10391

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 5

/1
0/

20
26

 2
:3

0:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc02187h


γ-lactones may also be formed.30,34 While the present work
employs individual metal catalysts rather than combinations
of Co and Mn catalysts as in the prior work, we posit that a
similar autooxidation mechanism occurs. Given their solubi-
lity in water, we surmised that the products were likely com-
prised of significantly deconstructed fragments with hydro-
philic groups such as carboxylic acids and hydroxyls. Aqueous
SEC shown in Fig. 2 and Fig. S2–S5† demonstrates LDPE
deconstruction into low molecular weight compounds ranging
from 100–600 gmol−1. Interestingly, the molecular weight
range for the deconstructed products was not strongly
impacted by reaction temperature and catalyst concentration

(Fig. S2–S5†). The remaining water-insoluble species were
characterized by SEC (toluene mobile phase) which indicated
partial LDPE deconstruction into compounds with molecular
weights ranging from 500–1200 gmol−1 (Fig. S6†). However,
these products were generally heterogenous and were not
always completely recovered from the reactor. Fourier trans-
form infrared spectroscopy (FTIR) was used to identify the
various functional groups of the water-soluble products. FTIR
spectra shown in Fig. 3 and Fig. S7–S11† reveal the presence of
carboxylic acids (1704 cm−1) and carboxylates (1565 cm−1).39

The peaks shift between the protonated and deprotonated state
upon adjusting the pH, as shown in Fig. 3A and Fig. S7–S10.†

Fig. 2 Representative size exclusion chromatograms of water-soluble oxidized products. (A) Water-soluble products relative to the original film. (B)
Expanded view of the lower molecular weight region relevant to deconstructed products. The following reaction conditions were used: 2.5 wt%
catalyst loading, 130 °C, and an initial oxygen pressure of 100 PSI.

Fig. 3 FTIR spectra of water-soluble oxidized products. (A) FTIR spectra for the water-soluble oxidized products of the reaction with 2.5 wt%
KMnO4 at pH 2 and pH 11. (B) Representative FTIR spectra for the water-soluble oxidized products after adjusting pH to 11. Reactions were run using
2.5 wt% catalyst, 130 °C, and an initial oxygen pressure of 100 PSI for 20 h.

Communication Green Chemistry

10392 | Green Chem., 2024, 26, 10390–10396 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 5

/1
0/

20
26

 2
:3

0:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc02187h


pH adjustment from 2 to 11 revealed the presence of small
amounts of ketone and γ-lactone species (Fig. 3, 1710 cm−1

and 1772 cm−1, respectively).40

The deconstructed products were further characterized
using high-performance liquid chromatography mass spec-
trometry (LCMS) and direct injection electrospray ionization
high resolution mass spectrometry (ESI-MS). Both techniques
show a complex distribution of water-soluble products. LCMS
characterization confirmed ADAs as the major products via
spiking with commercial standards (Fig. S12, see ESI† for
details). Direct injection ESI-MS spectra (Fig. S13–S16†)
showed the total distribution of products for each reaction that
range from 100–400 g mol−1. FeSO4 reactions at 130 °C exhibi-
ted increased selectivity for lower molecular weight com-

pounds at a reduced catalyst concentration, whereas CuSO4

and CoSO4 reactions showed opposite trends (Fig. S14 and
S15†). On the other hand, oxidation with KMnO4 showed
minimal changes in product distributions except for reactions
with 10 wt% catalyst at 130 °C which demonstrated a narrower
distribution of compounds ranging from 150–250 gmol−1

(Fig. S16C and D†). Reactions with Co, Cu, and Fe salts at
150 °C yielded higher amounts of lower molecular weight com-
pounds (Fig. S13D–S15D†). Notably, oxidation with 10 wt%
KMnO4 at 150 °C did not significantly alter the distribution
relative to reactions at 130 °C (Fig. S16D†).

Having surveyed various catalysts for their ability to oxida-
tively deconstruct LDPE, we further investigated the most
efficient method, utilizing CuSO4, to better understand the

Fig. 4 Aliphatic dicarboxylic acid yield for CuSO4 catalyzed low-density polyethylene oxidation reactions. (A) Time course experiments using
2.5 wt% CuSO4 using an initial oxygen pressure of 100 PSI. (B) Variation in ADA yield with oxygen pressure variation using 2.5 wt% CuSO4, 20 h reac-
tion time. (C) Variation in ADA yield with catalyst concentration using an initial oxygen pressure of 100 PSI and 20 h reaction time. (D) Variation in
ADA yield with LDPE loading using an initial oxygen pressure of 100 PSI and 2.5 wt% CuSO4. Temperature was kept constant across all reactions at
130 °C. Yield is determined as the mol% of carbon in the ADA products relative to the LDPE substrate. Legend shows the identity of ADAs based on
their carbon chain length.
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effects on efficiency and product distribution. Specifically,
reaction time, oxygen content (noted as the initial oxygen
pressure), catalyst concentration, and substrate loading were
varied. Herein, water-soluble compounds were analyzed in the
aqueous phase (after filtration and without freeze-drying) and
carbon recovery was quantified via total dissolved organic
carbon measurements (Table S4†). Fig. S17A† shows the recov-
ered carbon yield over the course of 24 h of oxidation. A notice-
able induction period, where no water-soluble products are
formed, occurs during the first 6 h (<5 mol% water-soluble
carbon), a common phenomenon present in other oxidation
reactions in absence of an initiator.34 After this point, the yield
of water-soluble products increased and appeared to plateau at
24 h (Fig. S17A,† 75 mol% carbon recovered). Multiple reac-
tions were performed at the same conditions to determine
reproducibility (2.5 wt% CuSO4, 100 psi O2, 130 °C, 20 h) yield-
ing an average of 68 ± 3.8 mol% carbon recovered as soluble
species, shown in Fig. S21.† LCMS characterization indicates
that the major peaks correspond to ADAs. Fig. 4A shows ADA
quantities based on their chain lengths. The major fraction of
ADAs was consistently comprised of lower molecular weight
compounds (C4–C6). ADA yield consistently increased until
the 20 h mark, reaching a maximum of 12 mol%. Oxygen
loading (initial oxygen pressure) had a marked impact on both
the yield and ADA distribution (Fig. S17B† and Fig. 4B).
Presumably, this outcome arises from the increased water
solubility of oxygen at higher partial pressures of oxygen, thus
increasing the amount of reactive oxidizing species present in
the solution.41 The total carbon yield peaks when using 80 PSI
(5.5 bar) of oxygen (Fig. S17B†), whereas the selectivity for
ADAs increased consistently up to 100 PSI oxygen (Fig. 4B).
Alternatively, the effect of varying catalyst concentration
(1–10 wt%) had a nominal effect on the total carbon yield. The
highest selectivity for ADAs was attained when using 2.5 and
5 wt% CuSO4 (Fig. 4C). Raising the catalyst concentration
resulted in a decrease in total amount of ADA (Fig. 4C) which
may be caused by ADA oxidation and conversion into other
compounds (Scheme 1C). Increasing the loading of LDPE to
20 mg ml−1 resulted in a decrease in the total carbon recovered
(51 mol%, Table S3†) and ADA yield (7.8 mol%, Fig. 4D). At
higher substrate loadings, some of the ADAs may have precipi-
tated which could explain the reduction in yield. Comparing
all the reactions together shows that the total yield of ADAs
ranged between 6–12 mol% (Fig. 4), yet the total yield of
soluble carbon approached 75 mol% (Fig. S17†). The signifi-
cant disparity between ADA content and overall yield may stem
from oxidation reactions that impart other oxygen functional
groups onto the aliphatic backbone. The prominence of car-
boxylic acid groups in the FTIR data (Fig. S18†) suggests that
the non-ADA products are comprised of functionalized low
molecular weight aliphatic carboxylic acids. Possible com-
pounds include ADAs functionalized with hydroxyl, carbonyl
groups, and aliphatic carboxylic acids bearing γ-lactones
(Scheme 1B). Further, substantial carboxylic acid-metal com-
plexes in the product mixture may partially explain the lower
yield of ADAs compared to total soluble carbon since metal-

complexed carboxylic acids could not be identified using
LCMS.

As a proof of concept, we assessed the broad applicability of
this oxidation process by performing oxidation using FeSO4 on
other commercial LDPE products including a Ziploc bag, a
recycled LDPE six pack ring, and an alternative packaging film
(detailed in the ESI†). SEC data shown in Fig. S19† demon-
strates successful deconstruction into low molecular weight
fragments. The distribution of products by ESI-MS was consist-
ent with the results described above for Goodfellow LDPE film
(Fig. S20†). However, the yield of carbon in the water-soluble
products was substantially reduced (<30 mol%) in the case of
the six-pack holder and Ziploc bag and very little insoluble
material was present (Fig. 5). Together, this suggests that the
material was overoxidized, resulting in the release of low mole-
cular weight volatile compounds (i.e., CO2). Overoxidation may
arise from the presence of other components in these commer-
cial products that may be more susceptible to the formation of
volatile compounds under oxidative conditions (i.e., poly-
propylene in Ziploc bags). A more in-depth characterization of
the various components in each material is required to fully
understand the oxidation reaction for these more complex
materials.

Conclusions

We developed a mild and efficient method of metal-catalyzed
aqueous oxidation to convert LDPE into aliphatic carboxylic
acids. Our findings indicate that this deconstruction process
results in high carbon recovery (up to 75% carbon recovery) in
the form of low molecular weight carboxylic acids as major
products. The oxidative process developed in this work serves
as an efficient “green” platform to generate valuable feedstocks

Fig. 5 Carbon recovery after oxidative conversion of post-consumer
low-density polyethylene films. Reaction conditions: 5 mg ml−1 loading
of plastic film, 10 wt% FeSO4, 130 °C, 100 PSI O2, 20 h. Films include a
Ziploc bag, an LDPE six-pack ring, and an LDPE packaging film.
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for upcycling into useful polymers such as polyamides or poly-
esters. Utilization of aqueous conditions and a biocompatible
catalyst (notably FeSO4) will also allow microbial bioconversion
without requiring catalyst removal or other post processing
steps. For chemical upgrading, removal of catalyst may be
required. We note that the majority of catalyst can be removed
with pH-based precipitation, a cation exchange resin, or by
reactive distillation which is a common industrial practice for
purification of carboxylic acids. Moreover, the use of low-cost
and earth-abundant catalysts such as Fe and Cu is promising
for scale-up, although a full technoeconomic analysis is
required to determine the industrial viability of this method.
Since this method cleaves C–C bonds in the backbone of
LDPE, we expect it to be broadly applicable in the chemical
conversion of other POs such as HDPE and PP.
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