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ABSTRACT: Improved recycling technologies can offer sustain-
able end-of-life options for plastic waste. While polyolefins can be
converted into small hydrocarbons over acid catalysts at high
temperatures, we demonstrate an alternative mechano-catalytic
strategy at ambient conditions. The mechanism is fundamentally
different from classical acidity-driven high-temperature approaches,
exploiting mechanochemically generated radical intermediates.
Surface activation of zirconia grinding spheres creates redox active
surface sites directly at the point of mechanical energy input. This
allows control over mechano-radical reactivity, while powder
catalysts are not active. Optimized milling parameters enable the
formation of 45% C1−10 hydrocarbons from polypropylene within 1
h at ambient temperature. While mechanochemical bond scission is
undesired in plastic production, we show that it can also be exploited for chemical recycling.

■ INTRODUCTION
The majority of plastic waste is landfilled, burned, or leaks into
the environment.1 Waste management and pollution are
multifaceted topics to be addressed on our way toward a
more sustainable and circular society.2,3 Besides the concep-
tually straightforward approach of phasing down the
production of single use items, suitable conversion or recycling
techniques can offer end-of-life options for plastic waste.
However, only 14% by weight of plastic waste is recycled
globally.4 One reason for low recycling rates is the lack of
material quality obtained by the predominantly applied
technique of melting and re-extrusion.5−7 Therefore, chemical
recycling has been studied to produce monomers for remaking
high-quality plastics, and other molecules to replace fossil
resources.7−10 Pyrolysis as a chemical recycling method relies
on heating the plastic in an inert atmosphere to induce
cracking into smaller compounds. For the most produced
polymers, polyethylene (PE) and polypropylene (PP),
however, controlling the cracking selectivity is difficult due
to random bond scission and further reactions, leading to a
low-value mixture of hundreds of different hydrocarbons.11

Low-temperature strategies are a promising alternative. In
contrast to pyrolysis, they could slow down unselective follow-
up reactions of intermediates, thereby allowing better control
over reactivity pathways.

While thermal cracking of PP and PE starts above 275 and
330 °C, respectively,12 Sohma et al. showed that polymer
backbone bonds can be homolytically cleaved leading to

organic radicals even at −196 °C when these polymers are
exposed to mechanical force.13 While mechanochemical
degradation is treated as an unwanted effect in polymer
processing and recycling, it has recently been exploited for the
purposeful conversion to monomers.14 Recent efforts toward
mechanochemical degradation involve newly designed poly-
mers and novel synthesis methods.15,16 Examples for the
mechanochemical recycling of realistic bulk polymer streams
are the depolymerization of polystyrene (PS), poly(α-
methylstyrene), and poly(methyl methacrylate).17−20 These
polymers have favorably high glass transition temperatures Tg
to enable facile chain cleavage,21 and low ceiling temperatures
Tc providing a thermodynamic driving force for depolymeriza-
tion.18 In contrast, PE and PP are more challenging to
depolymerize due to their low Tg and high Tc.

14,22 Thus, it is
not surprising that their additive-free mechanochemical
depolymerization is, to the best of our knowledge, not yet
reported.

Ball milling is conventionally used for grinding, but also
causes mechanochemical transformations in solids,23−25 and is
widely explored for material synthesis.26 In the case of
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mechano-catalysis, a catalyst is usually added as a separate
component, such as a powder.27,28 However, separating solid
reactants/products from a catalyst powder is challenging,29 and
exposing substrates to mechanical forces and a solid catalyst at
the same time is not trivial. Therefore, direct mechano-catalysis
has evolved to optimize contact between substrate and catalyst,
relying on grinding tools which are catalytically active
themselves,30 such as copper31 or palladium32 spheres. Current
strategies are limited to metallic materials, utilizing their
natural activity in, e.g., coupling and (de)hydrogenation
reactions.29 In contrast, the purposeful acidic or redox
functionalization of ceramic grinding spheres is, to the best
of our knowledge, not yet reported, prohibiting an application
of this concept to a broader reaction space.

Here, we explore the direct mechano-catalytic depolymeri-
zation of plastic waste without additional heating, below 50 °C,
and at ambient pressure. Instead of adding a catalyst material
as powder or using catalytically active metal grinding spheres,
we purposefully surface-activated ceramic grinding spheres to
create catalytic sites, which enhance depolymerization. We
name these materials surface-activated mechano-catalysts (in
short, SAM catalysts).

■ RESULTS AND DISCUSSION

■ CONVERSION OF POLYPROPYLENE AT AMBIENT
TEMPERATURE

We used a shaker mill (Figure 1A) to investigate the
mechanochemical and direct mechano-catalytic conversion of
plastic waste into small hydrocarbons. The container was
typically filled with 2 g of plastic (typically PP), 5 grinding
spheres (diameter = 10 mm), and shaken at 30 Hz at room
temperature (see Figure S1 for different frequencies and filling

degrees). Products were eluted from the container using a
constant flow of N2 through a gas inlet and outlet, and
analyzed using an online gas chromatograph.

Milling of model PP with untreated zirconia grinding
spheres generates a steady stream of gaseous hydrocarbons,
such as propene, C5, and C6 hydrocarbons (Figures 1, S1 and
S2). During milling, the container temperature rises to 40 °C
due to friction and mechanical energy dissipation (Figure S3).
Hydrocarbon production immediately stops and starts again
upon switching off and restarting the milling, while the
temperature declines only slowly. The formation of hydro-
carbons is, therefore, directly linked to local mechanochemical
effects rather than an increase in bulk temperature.
Furthermore, PP after milling is still a powder (Figure S4),
indicating that the depolymerization is not induced by bulk
heating. While pyrolysis at high temperatures leads to
hundreds of different long-chained hydrocarbons with low
selectivity,11 we detected typically less than 30 in the gas phase,
the majority of them below C7 (see Figure S5 for chromato-
gram of higher nonvolatile products). In addition, several of
the observed products, such as methane, ethane, and propane,
are more saturated than the starting material PP, which
indicates the presence of more dehydrogenated species in the
milled residue. During milling, the crystallinity of PP slightly
declines from 45 to 42% indicating amorphization of crystalline
domains due to repeated mechanical impact (Figure S6).

To increase product yields and selectivities, we purposefully
functionalized the grinding spheres with catalytic sites, which
leads to surface-activated mechano-catalysts (in short, SAM
catalysts). This was achieved by sulfuric acid treatment at
800 °C (SZ-800) or tungstation (WZ-red) of commercial
zirconia spheres. In the first strategy, sulfuric acid etches the
smooth surface of grinding spheres and causes chemical

Figure 1. Mechano-catalytic conversion of plastic (waste) to C1−10 hydrocarbons. (A) Milling container, surface activation strategy, and SEM
images of grinding spheres. (B) Propene flow during milling of 2 g model PP with sulfated (SZ-800), tungstated (WZ-red), and untreated (ZrO2)
spheres at 30 Hz, compared to milling with untreated spheres and 0.1 g SZ and 0.2 g WZ powder catalysts. The shaking was turned off/on at the
indicated points. (C) Cumulative yields during milling of 20 mg model PP for 1 h at 35 Hz with sulfated (SZ-800), tungstated (WZ-red), and
untreated (ZrO2) spheres. (D) Cumulative yields during milling of HMW PP (2 g, 30 Hz), waste PP (2 g, 30 Hz), PE (2 g, 35 Hz) and industrial
waste (1 g, 30 Hz) for 1 h with sulfated (SZ-800) and untreated (ZrO2) spheres.
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changes (Figures 1A and S7−S9). In the second activation
strategy, we first etched the grinding spheres with molten
NaOH after which we immobilized tungstate species from an
aqueous solution. Finally, the spheres were calcined and
reduced (Figures 1A and S10−S12).

Milling with SAM catalysts increases the hydrocarbon
production. Surprisingly, milling with powder catalysts does
not lead to an increase (Figures 1B and S13), although the
total active surface areas of added SZ and WZ powders are 3−
4 orders of magnitude larger than the external surface areas of
five grinding spheres, without accounting for surface roughness
(see methods section for calculation). We believe that this
activity gap between SAM catalysts and conventional powders
is caused by the direct localization of catalytic sites at the
impact zone, i.e., where the mechanical energy input is the
greatest. In contrast, the likelihood that a catalyst powder that
is finely dispersed in the milling mixture is trapped at the
impact site of the grinding spheres together with the polymer is
low. Milling with optimized parameters, i.e., shaking frequency
and filling degree, leads to 46 and 36% C1−10 hydrocarbons and
H2 after 1 h with sulfated and tungstated grinding spheres,
respectively (Figure 1C), while only 33% are obtained with
untreated spheres. On the other hand, only <0.05% of
hydrocarbons are obtained when using less ideal milling
parameters, such as higher filling degrees and lower frequencies
(see Figures S1 and S14 for other filling degrees and
frequencies).

We furthermore tested the broader applicability of SAM
catalytic plastic conversion. Sulfated zirconia also catalyzes the
degradation of a high molecular weight (HMW) PP, waste PP,
PE, PS, and even an industrial waste sample (Figures 1D and
S15). Similar to PP, milling of PE and PS with SAM catalysts
leads to an increased formation of their monomers ethene and
styrene, respectively.

During milling of model PP with SAM catalysts, hydro-
carbon productivity declines due to the abrasion of active
surface sites over the course of ca. 5 h caused by vigorous
collisions between spheres and the hard walls of the grinding
vessel (Figure S16). Abrasion and flattening of surfaces can be
observed via SEM (Figure S17) and the naked eye. Further
research is, therefore, needed regarding the abrasion resistance
of surface-activated spheres and identifying materials that are
mechano-catalysts in their bulk form to maintain activity even
with abrasion. However, the reactivation of sulfated grinding
spheres is facile; resubjecting them to the synthesis treatment
restores original activity without any declining trend over three
runs (Figure S18).

■ RADICALS ARE INTERMEDIATES FOR THE
MECHANOCHEMICAL FORMATION OF SMALL
HYDROCARBONS

The mechanochemical conversion of PP with untreated
grinding spheres yields C1−10 hydrocarbons (Figure 2A). We
propose a mechanistic model based on radical chemistry
(Scheme 1).14 The mechanochemical activation step is the
homolytic backbone cleavage of polymer chains leading to
mechano-radicals. These can undergo β scission causing direct
depolymerization to the monomer propene, restoring the
radical functionality on the active chain end. Radical transfer
reactions and subsequent scissions yield more complex
products, such as C5. Methane could be formed via highly
reactive methyl radicals and subsequent hydrogen abstraction.
Due to their low stability, the formation of methyl radicals is
much more energetically challenging than, e.g., β scission to
propene.33 The fact that methane is still observed illustrates
the high local energy densities present under mechanochemical
activation. Termination of active radicals can occur via
disproportionation or radical combination. Both could lead

Figure 2. Mechanochemical conversion of PP with untreated grinding spheres proceeds via radicals. (A) Milling chamber, fracture mechanism, and
mechano-radical formation. (B) Molar mass distributions before and after milling waste PP for 10 and 60 h with untreated ZrO2 spheres. (C) Mass-
normalized ESR spectra after milling model PP with 50 mg nitrosobenzene for 5, 10, and 30 min. (D) Quenching of propene formation with 10 wt
% t-BHT, while milling HMW PP with untreated ZrO2 spheres.
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to branching and cross-linking of the chains. The latter was
probed via thermogravimetric analysis (TGA), but not
observed (Figure S19).

We followed the evolution of polymer chain length via high-
temperature gel permeation chromatography (GPC, Fig-
ure 2B), observed radicals using electron spin resonance
(ESR, Figure 2C), and quenched product formation with a
radical scavenger (Figure 2D).

Milling waste PP for 10 and 60 h lowers the weight-average
molar mass (Mw) from initially 210,000 to 145,000 and 68,000
g mol−1 (Table S1). Interestingly, cleavage proceeds more
readily for higher molecular weight chains (Figure 2B, see
Figure S20 and Table S2 for comparison of different PP types).
This behavior can be attributed to a more effective force
transferal for longer chains and is in line with typical polymer
mechanochemical models, which also hypothesize preferential
breakage in the middle of the chain.34,35 This is an important
distinction from thermo-chemical activation via cracking or
“hot spots”, where more random cleavage along all chains
would be expected. The observed cleavage locations therefore

Scheme 1. Simplified Reaction Scheme of the Radical
Reactions toward Observed Hydrocarbons from PPa

aChain scission via ball milling leads to mechano-radicals. These can
undergo further scission to smaller molecules, such as propene via β
scission, methane, and higher products after hydrogen transfer.

Figure 3. Mismatch between thermo- and mechano-catalysis. (A) Hypothetical catalytic pathways (C1−C3) to explain how a catalyst causes an
increase in the formation of small hydrocarbons during ball milling. Noncatalytic, purely mechanochemical pathways are indicated with black
arrows. (B) TGA profiles of model PP with sulfated (SZ), and untreated (ZrO2) grinding spheres. (C) Molar mass distributions before and after
milling waste PP with sulfated (SZ-800), and untreated (ZrO2) grinding spheres for 10 and 60 h. (D) Propene formation during ball milling of
model PP with sulfated (SZ), and untreated (ZrO2) grinding spheres. (E) Raman spectra of sulfated (SZ), and untreated (ZrO2) grinding spheres.
Signals corresponding to monoclinic (m) and tetragonal (t) ZrO2 are indicated. The surface of SZ-650 spheres is heterogeneous, and obtained
spectra vary from spot to spot (Figure S24).
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point toward a mechanochemical activation motif in the case
of ball milling PP.36−38

We investigated mechano-radicals via ESR spectroscopy,
which is very sensitive for systems with unpaired electrons, e.g.,
organic radicals. Due to their high reactivity and transient
nature, carbon-centered radicals could not be tracked directly,
but their formation was indirectly evidenced by using
nitrosobenzene as a spin trap to form stable nitroxide adducts
(Figure 2C). Relative radical concentrations obtained by 2-fold
integration of the shown derivative spectra indicate a
continuous formation of mechano-radicals by chain scission
(Figure S21).

To test the role of mechano-radicals as key intermediates, we
milled HMW PP together with a radical scavenger
(pentaerythritol tetrakis(3,5-di-tert-butyl-4-hydrocinnamate),
abbreviated as t-BHT). Capturing radicals quenches product
formation almost entirely (Figures 2D and S22). The
quenching of all product formation with a radical scavenger
implies that radicals with a sufficient lifetime are integral
intermediates, and that there are no additional pathways to
products that do not involve radical reactions.

■ MECHANO-CATALYSIS BEYOND ACIDIC
CRACKING

Milling with SAM catalysts boosts the formation of small
hydrocarbons during milling. Our initial aim was to provide
acid sites for cracking and depolymerization, drawing
inspiration from classical thermo-catalytic hydrocarbon con-
version mechanisms (C1 in Figure 3A).39 However, consid-
ering that radicals are the key intermediates without a catalyst
(Figure 2), an alternative hypothesis is that the catalyst
promotes the radical pathway (C2 and C3).

Typical thermo-catalytic cracking of polyolefins is governed
by cations, and reactivity is mediated by the surface acidity of
the catalyst. We used TGA (Figure 3B, see Figure S23 for
reference profiles) of model PP under N2 atmosphere to
investigate the thermo-catalytic activity of SAM catalysts. In
TGA, weight loss indicates the cracking of the plastic, with an
earlier weight loss indicating higher catalytic cracking activity.
SZ spheres are catalytically active as they crack PP at a lower
temperature than untreated zirconia. In addition, it has been
speculated that acidic zirconia sites can catalyze organic
transformations during ball milling.40 Therefore, it is plausible
that acidic sulfated zirconia sites catalyze thermal cracking of
PP in the ball mill. While this could unlock synergies between
thermal and mechano-catalytic effects, we believe that this is
not the cause for the increase in product formation during ball
milling based on three observations: (i) the temperature
reached during ball milling is far lower than the cracking
temperature. (ii) The active sites on SAM catalysts do not
promote backbone cleavage. (iii) There is a reactivity
mismatch between thermo- and mechano-catalytic conversion.

Regarding (i): the temperature reached during ball milling is
far lower than the cracking temperature (onset at 250 °C,
Figure 3B). Bulk temperatures in the ball mill reach only ca. 40
°C due to friction and energy dissipation (Figure S3).
Temperature heterogeneities and transient high-energy envi-
ronments (“hot spots”) could cause higher local temperatures.
However, molecular dynamics simulations on polyethylene
have shown that shock loads of >1000 m s−1 would be
necessary for local temperatures to approach cracking
temperatures,41 while grinding sphere velocities in similar
configurations as ours are <10 m s−1.37,42 It is therefore

unlikely that the PP melting point of 160 °C, let alone the
cracking temperature of 250 °C, were systematically exceeded
during milling.

Regarding (ii): the active sites on SAM catalysts do not
promote backbone cleavage. The molar mass distributions after
milling waste PP for 10 or 60 h with catalytic and untreated
spheres show no significant differences (Figure 3C). If the
catalyst were to thermo-catalytically crack backbones, this
would be reflected in a lower molar mass after milling with
catalytic grinding spheres compared to untreated spheres.

Regarding (iii): there is a reactivity mismatch between
thermo- and mechano-catalytic conversion. In the case of
sulfated zirconia, mechano- and thermo-catalytic activities are
highly dependent on the exact synthesis procedure. SZ-650
and SZ-800 were prepared by sulfuric acid treatment at 650
and 800 °C, respectively. The catalyst prepared at a lower
temperature (SZ-650) is a highly thermo-catalytically active
material, while SZ-800 is not (Figure 3B). Thermo-catalytic
activity of sulfated zirconia is typically governed by acid sites
connected to sulfate species. Indeed, SZ-650 displays a much
higher loading of sulfur (EDX in Figure S9) and sulfate groups
compared to SZ-800, as visible in Raman spectroscopy (1000−
1200 cm−1, Figure 3E) and TGA−mass spectrometry
measurements (Figure S25). However, the higher sulfate
loading, acid site density, and thermo-catalytic activity for SZ-
650 do not lead to a higher mechano-catalytic activity. Instead,
propene formation during ball milling is higher for SZ-800
than for SZ-650 (Figure 3D). This mismatch highlights
fundamental differences in the activation mechanism between
thermo- and mechano-catalysis. The increase in small hydro-
carbon formation during ball milling is caused by a mechanism
beyond classical cracking over acid sites.

■ MECHANO-CATALYSIS CONTROLS THE
REACTIVITY OF MECHANO-RADICALS

Our SAM catalysts seem to lead to a higher product formation
via a pathway fundamentally different from acid-based thermo-
catalysis. The mechanism appears to proceed via radicals
instead of cations. We found that product formation is
completely quenched when milling HMW PP with SZ-800 in
the presence of t-BHT (Figure S22). Therefore, all generated
products, even in the catalytic case, originate from radicals as
key intermediates, and there is no pathway that does not, at
least at some stage, involve radical chemistry.

The catalyst could lead to higher product formation via the
following pathways: (i) causing additional homolytic chain
cleavage events, or act as a radical starter in another way
(pathway C2 in Figure 3A). This would lead to more backbone
cleavage when milling with catalytic spheres compared to
untreated spheres, and would lead to a more pronounced
decrease in molar mass. However, this is not evident from our
experiments (Figure 3C). (ii) We therefore propose that the
SAM catalyst stabilizes/interacts with mechano-radicals
previously generated purely by mechanical forces (pathway
C3 in Figure 3A). This could operate along the lines of
controlled radical (de)polymerization by forming reversible
adducts with active chain ends.43 This adduct formation could
decrease the concentration of free radicals in the bulk material,
and thereby suppress their termination, leading to a longer
lifetime. In addition, this stabilization could favor certain
pathways of radical decomposition toward smaller hydro-
carbons, thereby changing selectivity patterns.
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The interaction of the SAM catalyst with radicals could be
rooted in the presence of unpaired electrons, and we used ESR
spectroscopy to investigate the electronic structure of treated
zirconia. Since grinding spheres did not fit into the ESR tubes,
we used residual powders collected during the synthesis
procedures as model systems. For tungstated zirconia, the
powder that is immobilized on the spheres was used. For
sulfated zirconia, we used sulfated zirconia powder etched off
the spheres during the high-temperature treatment with
sulfuric acid. In the case of SZ-800, a paramagnetic axial Zr3+
signal (g⊥ = 1.977 and g∥ = 1.958) and F-centers (g = 2.003),
i.e., electrons in oxygen vacancies, were observed (Figure 4A,
Table S3).44 The formation of such species due to a high-
temperature vacuum treatment of zirconia or due to heating of
sulfated zirconia has been reported,45−47 leading to a net
reduction of Zr4+ to Zr3+. The zirconia grinding spheres we
used were stabilized with Y2O3, which increases the amount of
oxygen vacancies and could assist the formation of Zr3+ species
and F-centers under suitable conditions. Hypothetically, both
Zr3+ species and F-centers could interact with and stabilize
mechano-radicals, which would result in their increased
lifetime, or direct the selectivity from radicals toward small
hydrocarbons. To this end, these catalyst species must be able
to display radical-like reactivity, which indeed seems to be the
case; highly reactive Zr3+ radical cations in polymorphous
zirconia can homolytically dissociate H2,

48 and the reactivity of
sulfated zirconia with organic substrates is connected to
accepting single electrons as part of a radical cation
mechanism.49,50 It is therefore plausible for Zr3+ centers to
interact with and stabilize mechano-radicals HyCx

• via an
adsorption equilibrium HyCx

• + ZrIII ⇄ HyCx−ZrIV, in which
Zr changes its oxidation state and hence acts as a redox-active
material. While SZ-800 features a prominent Zr3+ signal, such a
signal is absent for SZ-650, and we hypothesize that the higher

concentration of Zr3+ critically enhances the ability of SZ-800
to promote the radical pathway, rendering it a better mechano-
catalyst than SZ-650 (Figure 4B). For tungstated zirconia, we
investigated the material before and after reduction in H2
(Figure 4C). Both featured Zr3+, but its concentration was
enhanced during the reduction step, which corresponds to a
higher mechano-catalytic activity after reduction (Figure 4D).
In addition, we observed W5+ species in the reduced
sample.51,52

To rationalize the interaction of carbon-centered mechano-
radical intermediates with sulfated and tungstated tetragonal
and monoclinic zirconia surfaces, we performed density
functional theory (DFT) calculations.53−59 We modeled
sufficiently relaxed surfaces of SZ-650 and SZ-800 based on
experimental evidence, such as Raman and ESR spectroscopy,
and TGA-MS measurements. For SZ-650, zirconia surfaces
containing sulfate groups as the dominant species were
investigated, while we created oxygen vacancies (VO) to
produce Zr3+ ions for modeling SZ-800. The adsorption
energies of carbon-centered radicals on these surfaces are
indicators of possible interactions, and highly dependent on
the exact nature of surface species (Table 1 for tetragonal

Figure 4. Interaction of catalytic spheres with mechano-radicals. (A) ESR spectra of SZ-650 and SZ-800. (B) Proposed adsorption geometry and
stabilization of a secondary carbon-centered radical on SZ-800, and propene yields during 1 h milling of model PP at 30 Hz. (C) ESR spectra of
WZ-calc and WZ-red. (D) Proposed adsorption geometry and stabilization of a secondary carbon-centered radical on WZ-red, and propene yields
during 1 h milling of model PP at 30 Hz.

Table 1. Adsorption Energies of Carbon-Centered Primary
and Secondary Radicals by DFT Calculations on Tetragonal
ZrO2 Surfaces

Eads/eV

surface species primary radical secondary radical

pristine −0.74 −0.65
SO4 −0.69 −0.56
Zr3+−VO −2.79 −2.72
SO4 & Zr3+−VO −2.82 −2.49
Zr3+−O−W5+ −2.28 −1.99
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ZrO2, Table S4 for monoclinic ZrO2, Tables S5−S8 for
images). While the incorporation of SO4 or Brønsted acid sites
leads to virtually no stabilization of radical intermediates,
oxygen vacancies and Zr3+ cations stabilize mechano-radicals
by ca. 2 eV, regardless of the presence of SO4. This enhanced
interaction explains why the Zr3+-rich SZ-800 spheres promote
the radical pathway more effectively than the Zr3+-poor SZ-650
spheres and show a higher catalytic activity, especially to
propene (Figure 3D). Adsorption energies also help rationalize
the promotion over tungstated zirconia, which was modeled as
Zr3+−O−W5+ species.

The stabilization of radical intermediates is helpful in
guiding their reactivity and hampering recombination.
However, too high adsorption energies would excessively
decrease reactivity, ultimately leading to low depolymerization
rates. In that sense, the value of 2 eV represents quite strong
interactions between radicals and surface species. However,
this value was calculated under static conditions, not
accounting for the vigorous mechanical agitation in the ball
mill, and two important factors which shift the adsorption
equilibrium to the dissociated state have to be accounted for:
(i) adsorbed species could be tribo-chemically activated by
impact forces. (ii) The Zr−polymer adduct can be
mechanochemically cleaved, just like polymer backbones.
Both mechanisms could activate the adsorbed species under
mechanical agitation, despite stronger adsorption in the
calculated resting state.

■ CONCLUSIONS
While thermal cracking of polypropylene only starts at reaction
temperatures above 250 °C, we demonstrate that it can already
be depolymerized to its monomer propene and other products
at ambient temperature. This is the result of mechanochemical
homolytic C−C bond cleavage and follow-up reactions of
formed radicals. We introduce the concept of functionalizing
ceramic grinding spheres, making them surface-activated
mechano-catalysts (SAM catalysts). During milling of poly-
propylene, their redox-active surface sites likely interact with
mechano-radicals and favor the production of small hydro-
carbons over termination reactions. Furthermore, the function-
alized grinding spheres could be used to catalyze other
processes that require redox functionality, beyond depolyme-
rization, in the future.

Mechanochemical bond scission of polymers is usually
undesired in polymer processing, such as during extrusion, but
we show that it can be exploited for chemical recycling at
ambient temperature. Chemical conversion in the ball mill has
the potential advantage of tapping renewable sources of
mechanical energy, such as hydropower and wind energy,
directly without prior inefficient conversion into electrical and/
or thermal energy. Our mechano-catalytic approach offers a
new dimension for polyolefin recycling beyond conventional
cracking catalysis that requires less energy and is more
selective. However, space−time yields, especially when loading
high amounts of plastic material, have to be drastically
increased before reaching industrial viability. Industrial scale
ball mills exist in the cement industry and could be used to
upscale the technology, and we expect an increase in yield
when using larger and heavier grinding spheres.
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Monoxide Oxidation over Copper-Based Catalysts under In Situ Ball
Milling. Angew. Chem., Int. Ed 2017, 56 (9), 2445−2448.
(29) Hwang, S.; Grätz, S.; Borchardt, L. A Guide to Direct

Mechanocatalysis. Chem. Commun 2022, 58 (11), 1661−1671.
(30) Pickhardt, W.; Grätz, S.; Borchardt, L. Direct Mechanocatalysis:

Using Milling Balls as Catalysts. Chem�Eur. J 2020, 26 (57), 12903−
12911.
(31) Yu, J.; Li, Z.; Jia, K.; Jiang, Z.; Liu, M.; Su, W. F. Fast, solvent-

free asymmetric alkynylation of prochiral sp3 C−H bonds in a ball
mill for the preparation of optically active tetrahydroisoquinoline
derivatives. Tetrahedron Lett 2013, 54 (15), 2006−2009.
(32) Vogt, C. G.; Grätz, S.; Lukin, S.; Halasz, I.; Etter, M.; Evans, J.

D.; Borchardt, L. Direct Mechanocatalysis: Palladium as Milling
Media and Catalyst in the Mechanochemical Suzuki Polymerization.
Angew. Chem., Int. Ed 2019, 58 (52), 18942−18947.
(33) Kruse, T. M.; Wong, H.-W.; Broadbelt, L. J. Mechanistic

Modeling of Polymer Pyrolysis: Polypropylene. Macromolecules 2003,
36 (25), 9594−9607.
(34) Sohma, J. Mechanochemistry of Polymers. Prog. Polym. Sci

1989, 14 (4), 451−596.
(35) Lenhardt, J. M.; Black Ramirez, A. L.; Lee, B.; Kouznetsova, T.

B.; Craig, S. L. Mechanistic Insights into the Sonochemical Activation
of Multimechanophore Cyclopropanated Polybutadiene Polymers.
Macromolecules 2015, 48 (18), 6396−6403.
(36) Odell, J. A.; Keller, A.; Muller, A. J. Thermomechanical

Degradation of Macromolecules. Colloid Polym. Sci 1992, 270 (4),
307−324.
(37) Tricker, A. W.; Samaras, G.; Hebisch, K. L.; Realff, M. J.;

Sievers, C. Hot Spot Generation, Reactivity, and Decay in
Mechanochemical Reactors. Chem. Eng. J 2020, 382, 122954.
(38) Delogu, F.; Cocco, G. Weakness of the “Hot Spots” Approach

to the Kinetics of Mechanically Induced Phase Transformations. J.
Alloys Compd 2008, 465 (1−2), 540−546.
(39) Corma, A.; Orchillés, A. V. Current Views on the Mechanism of

Catalytic Cracking. Microporous Mesoporous Mater 2000, 35−36, 21−
30.
(40) Fiore, C.; Sovic, I.; Lukin, S.; Halasz, I.; Martina, K.; Delogu, F.;

Ricci, P. C.; Porcheddu, A.; Shemchuk, O.; Braga, D.; et al.
Kabachnik−Fields Reaction by Mechanochemistry: New Horizons
from Old Methods. ACS Sustainable Chem. Eng 2020, 8 (51), 18889−
18902.
(41) Xie, F.; Lu, Z.; Yang, Z.; Hu, W.; Yuan, Z. Mechanical

Behaviors and Molecular Deformation Mechanisms of Polymers
under High Speed Shock Compression: A Molecular Dynamics
Simulation Study. Polymer 2016, 98, 294−304.
(42) Anglou, E.; Chang, Y.; Bradley, W.; Sievers, C.; Boukouvala, F.

Modeling Mechanochemical Depolymerization of PET in Ball-Mill
Reactors Using DEM Simulations. ACS Sustainable Chem. Eng 2024,
12 (24), 9003−9017.
(43) Braunecker, W. A.; Matyjaszewski, K. Controlled/Living

Radical Polymerization: Features, Developments, and Perspectives.
Prog. Polym. Sci 2007, 32 (1), 93−146.
(44) Gionco, C.; Paganini, M. C.; Giamello, E.; Burgess, R.; Di

Valentin, C.; Pacchioni, G. Paramagnetic Defects in Polycrystalline
Zirconia: An EPR and DFT Study. Chem. Mater 2013, 25 (11),
2243−2253.
(45) Torralvo, M. J.; Alario, M. A.; Soria, J. Crystallization Behavior

of Zirconium Oxide Gels. J. Catal 1984, 86 (2), 473−476.
(46) Chen, F. R.; Coudurier, G.; Joly, J. F.; Vedrine, J. C. Superacid

and Catalytic Properties of Sulfated Zirconia. J. Catal 1993, 143 (2),
616−626.
(47) Morterra, C.; Giamello, E.; Orio, L.; Volante, M. Formation

and Reactivity of Zirconium(3+) Centers at the Surface of Vacuum-
Activated Monoclinic Zirconia. J. Phys. Chem 1990, 94 (7), 3111−
3116.
(48) Jacob, K.-H.; Knözinger, E.; Benfer, S. Chemisorption of H 2

and H 2 �O 2 on Polymorphic Zirconia. J. Chem. Soc., Faraday Trans
1994, 90 (19), 2969−2975.

(49) Bedilo, A. F.; Volodin, A. M.; Zenkovets, G. A.; Timoshok, G.
V. Formation of Cation Radicals from Methylbenzenes on Sulfated
Zirconia. React. Kinet. Catal. Lett 1995, 55 (1), 183−190.
(50) Far̆casi̧u, D.; Ghenciu, A.; Li, J. Q. The Mechanism of

Conversion of Saturated Hydrocarbons Catalyzed by Sulfated Metal
Oxides: Reaction of Adamantane on Sulfated Zirconia. J. Catal 1996,
158 (1), 116−127.
(51) Kuba, S.; Che, M.; Grasselli, R. K.; Knözinger, H. Evidence for

the Formation of W 5+ Centers and OH Groups upon Hydrogen
Reduction of Platinum-Promoted Tungstated Zirconia Catalysts. J.
Phys. Chem. B 2003, 107 (15), 3459−3463.
(52) Punnoose, A.; Seehra, M. S. ESR Observation of W5+ and Zr3+

States in Pt/WOx/ZrO2 Catalysts. Catal. Lett 2002, 78 (1−4), 157−
160.
(53) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys.
Rev 1964, 136 (3B), B864−B871.
(54) Kohn, W.; Sham, L. J. Self-Consistent Equations Including

Exchange and Correlation Effects. Phys. Rev 1965, 140 (4A), A1133−
A1138.
(55) Kresse, G.; Furthmüller, J. Efficiency of Ab-Initio Total Energy

Calculations for Metals and Semiconductors Using a Plane-Wave
Basis Set. Comput. Mater. Sci 1996, 6 (1), 15−50.
(56) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab

Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B 1996, 54 (16), 11169−11186.
(57) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient

Approximation Made Simple. Phys. Rev. Lett 1996, 77 (18), 3865−
3868.
(58) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and

Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys 2010,
132 (15), 154104.
(59) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the Damping

Function in Dispersion Corrected Density Functional Theory. J.
Comput. Chem 2011, 32 (7), 1456−1465.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c07157
J. Am. Chem. Soc. 2024, 146, 26139−26147

26147

https://doi.org/10.1002/anie.201610501
https://doi.org/10.1002/anie.201610501
https://doi.org/10.1002/anie.201610501
https://doi.org/10.1039/D1CC05697B
https://doi.org/10.1039/D1CC05697B
https://doi.org/10.1002/chem.202001177
https://doi.org/10.1002/chem.202001177
https://doi.org/10.1016/j.tetlet.2013.02.007
https://doi.org/10.1016/j.tetlet.2013.02.007
https://doi.org/10.1016/j.tetlet.2013.02.007
https://doi.org/10.1016/j.tetlet.2013.02.007
https://doi.org/10.1002/anie.201911356
https://doi.org/10.1002/anie.201911356
https://doi.org/10.1021/ma030322y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma030322y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0079-6700(89)90004-X
https://doi.org/10.1021/acs.macromol.5b01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF00655846
https://doi.org/10.1007/BF00655846
https://doi.org/10.1016/j.cej.2019.122954
https://doi.org/10.1016/j.cej.2019.122954
https://doi.org/10.1016/j.jallcom.2007.11.024
https://doi.org/10.1016/j.jallcom.2007.11.024
https://doi.org/10.1016/S1387-1811(99)00205-X
https://doi.org/10.1016/S1387-1811(99)00205-X
https://doi.org/10.1021/acssuschemeng.0c05744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c05744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2016.06.047
https://doi.org/10.1016/j.polymer.2016.06.047
https://doi.org/10.1016/j.polymer.2016.06.047
https://doi.org/10.1016/j.polymer.2016.06.047
https://doi.org/10.1021/acssuschemeng.3c06081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c06081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.progpolymsci.2006.11.002
https://doi.org/10.1016/j.progpolymsci.2006.11.002
https://doi.org/10.1021/cm400728j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm400728j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9517(84)90397-X
https://doi.org/10.1016/0021-9517(84)90397-X
https://doi.org/10.1006/jcat.1993.1304
https://doi.org/10.1006/jcat.1993.1304
https://doi.org/10.1021/j100370a067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100370a067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100370a067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/FT9949002969
https://doi.org/10.1039/FT9949002969
https://doi.org/10.1007/BF02075849
https://doi.org/10.1007/BF02075849
https://doi.org/10.1006/jcat.1996.0013
https://doi.org/10.1006/jcat.1996.0013
https://doi.org/10.1006/jcat.1996.0013
https://doi.org/10.1021/jp022313h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp022313h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp022313h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/A:1014985607928
https://doi.org/10.1023/A:1014985607928
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c07157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

