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The recycling of polyolefins is gaining attention as society
transitions toward a more circular economy. Pyrolysis is a
promising method; however, its product distribution can be
unpredictable. Moreover, the resulting compounds often require
additional hydrogenation if they are to be used as feedstock for
naphtha crackers. An alternative approach is hydrogenolysis, in
which polyolefins are depolymerised into shorter, fully saturated
alkanes using a heterogeneous catalyst under a hydrogen
atmosphere. Literature indicates that the hydrogenolysis of
polyolefins appears to be a slow process, requiring reaction times
up to 96 hours to achieve a significant yield of useful products,
such as naphtha or fuels. In this work, it is shown that these long
reaction times are resolved when physical mass transport
limitations are overcome: in 40 minutes, full conversion of low-
density polyethylene to gas and liquid products is reached.
Introducing a hollow-shaft mechanical stirrer instead of no or
limited stirring significantly increases the gas contact area and
mass transfer coefficient to the polymer melt, resulting in a
decrease in mass transport limitations and thus an increase in
overall reactivity. Monitoring the (hydrogen) pressure over time
generates more insight into the reaction kinetics, as at a similar
hydrogen consumption level, the product distribution changes if
the system is stirred instead of kept stagnant. The authors would
like to emphasise the importance of these findings regarding the
influence of hydrogen mass transfer through the melt, as this
could also result in novel catalysts possibly performing even
better than currently reported, making hydrogenolysis a more
viable option for the chemical recycling of polyolefins.

In recent years, an increasing number of scientific articles have
been published researching the application of hydrogenolysis as
a novel chemical recycling technique for the conversion of
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polyolefins, such as polyethylene and polypropylene, to smaller
alkanes used as fuels or as feedstock for the existing plastic
production process.'™ Published work focuses mainly on the
development of highly active catalysts and the research on
reaction mechanisms, to be able to obtain full conversion and,
preferably, high yields in the liquid and wax range. This mixture
with compounds in the range of pentane (CsH;,) to eicosane
(CyoHyy), is the desired product, as the lower range is similar to
the naphtha feedstock for hydrocrackers, while the higher range
equals fuel in the gasoline or diesel range. However, current
reported reaction times to reach this product distribution are
substantial, ranging from 3 to 96 hours.”*”"'® Reaction times
must be significantly reduced to develop an economically
feasible chemical recycling process of polyolefin waste into fuels
using hydrogenolysis.

Current literature often neglects the influence of, amongst
others, feedstock, and reactor kinetics and configuration."**?
As the scission of the polyolefins depends on the presence of
hydrogen at the catalyst surface in the liquid phase,'® we
prove in this work that mass transfer of hydrogen is of high
importance to be able to quickly hydrogenolyse polyolefins.

In published work, hydrogenolysis of polyolefins is often
performed with a monofunctional ruthenium on carbon (Ru/
C) catalyst, either as the main focus or as a benchmark
experiment. In Table 1, an overview of several studies that
apply similar reaction conditions, such as temperature and
initial hydrogen pressure, is given. The reactor volumes are
comparable, ranging from 25 to 190 mL.>® The main
difference is the level of stirring: either not at all, with a
magnetic bar, or a mechanical impeller. As can be seen in
Table 1, to achieve full conversion of the polymer to gases
and liquids using Ru/C, reaction times of up to 24 hours are
required. To enable a consistent comparison of the literature
data, the required hydrogen consumption in moles was
calculated from the reported product distributions, extracted
from either figures or tables. Complete saturation of all
products was assumed. Per mole of converted polyolefin, this
corresponds to a hydrogen usage of x — 1 moles of H,, where
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x — 1 equals the total number of moles of alkane products
formed. This approach ensures closure of both the carbon
and hydrogen balances. The required amount of moles H, to
obtain the given product distributions is normalised over the
amount of ruthenium and averaged over the reaction time
(moly, gry ' s°'). The assumptions for these calculations can
be found in the SI, section S1.

This work reevaluates the same reaction system of LDPE
(MW 4 kDa) and 5 wt% Ru/C, while applying a novel reactor
configuration. As hydrogen is required to hydrogenolyse the
polyolefins, a higher concentration of hydrogen in the polymer
melt near the catalyst surface should enhance the reaction rate.
For that reason, a hollow shaft stirrer is applied, which
physically introduces hydrogen bubbles in the liquid phase,
increasing the contact area and thus the mass transfer of
hydrogen from the gas phase to the liquid phase (Fig. 1 and S5).
During operation of this batch-wise system, the pressure and
temperature are logged over the entire reaction time, resulting
in information about the reactivity of the chemical system. More
details on the experimental method, reactor set-up and
components, all designed and built in-house, can be found in
the SI (section S2).

As the reaction progresses, the measured pressure in the
reactor is a combination of the hydrogen and product partial
pressures in the gas phase, i.e. P = Py, g + Pc - A pressure
change is thus a direct result of both consumption of H, and
the formation of gaseous hydrocarbons (C,). The
concentration of H, in the liquid is proportional to the
concentration (and thus partial pressure) of hydrogen in the
gas phase via the solubility (Cy,;, = m x Cy, ), the volumetric
mass transfer coefficient kg and consumption during
reaction. Due to the mixing shown in Fig. 1 and S5, the value
for kpa is high. Measurements and calculations in section S3

z >

4 )

e Catalyst Ru/C
oH,

H.
/3—.\\ ; - H, transport

Fig. 1 Schematic overview of the hollow-shaft stirred autoclave. Due
to rotation, hydrogen gas is transported through the shaft into the
polymer melt, increasing the gas transport area through bubble
formation.
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Fig. 2 Pressure over time for experiments undergoing different
stirring regimes, including heating and cooling time. Experimental
settings: 3.5 g LDPE, Ru/C, feed-to-catalyst 9.3 to 1, 40 bar H, (at RT),
initial peak temperature 260 * 5 °C, after 15 min 250 + 5 °C. At t = 50
min: end of experiment and fast cooling of contents.

return a k.a of 0.114 s %, which is in line with literature.™*
The calculated mass transfer rate is approximately six times
higher than the experimentally measured consumption rate,
indicating that observing the intrinsic chemical kinetic rate
of the reaction is being approached. Moreover, in section S3,
it is also shown that the reaction rate has a first-order
dependence on the catalyst amount.

Performing batch reactions with LDPE (4 kDa) and 5 wt%
Ru/C at a feed-to-catalyst ratio 9.3 to 1, 250 °C and an initial
pressure 40 bar H, (at RT) for 40 minutes at reaction
temperature, while changing the stirring regime, returns
pressure profiles as shown in Fig. 2. This raw data shows a
difference in reaction rate, as no stirring results in nearly no
pressure decrease and thus almost no polymer conversion.
Stirring with a solid shaft at different speeds to mimic recent
work using magnetic or mechanical stirrers does increase the
conversion rate minimally, as the slope steepens slightly.
However, applying the hollow shaft stirrer shows a significant
pressure drop, indicating much more conversion within the
same time range.

To determine an actual value for the hydrogen consumption
rate to compare with existing literature data, the raw pressure
data is fitted, as well as the final hydrogen partial pressure at
operating temperature (P, = yu, X Pwod- The volume fraction
Yu, is measured with GC and Py is the final pressure before
cooling down. The slopes of these fits give respectively the total
molar change and the hydrogen consumption over time and are
shown in Fig. 3 for the hollow-shaft stirred experiment.
Normalising these obtained values for the amount of ruthenium
in the catalyst results in the desired rates. Following these
calculations, the hydrogen consumption rate for a system
stirred with this hollow shaft stirrer is 1.4 x 10> moly, gRu_l st
Applying the method discussed before, ie., calculating the
required amount of H, by setting x — 1 equal to the amount of
moles formed product (section S1), to the same experimental
data results in a similar value (+7%), showing that both the
method requiring the fit and the method used for the analysis
of the literature data are interchangeable. This makes the
comparison of obtained values in this work with the literature
data in Table 1 valid.
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Fig. 3 Pressure over time for hollow-shaft stirred experiments for
different reaction times (grey). Pink dots indicate final partial hydrogen
pressure. Linear fits are shown (dashed) to extract rates. Experimental
settings: 3.5 g LDPE, Ru/C, feed-to-catalyst 9.3 to 1, 40 bar H; (at RT),
initial peak temperature 260 * 5 °C, after 15 min 250 £ 5 °C.

Calculating the rates for the experiments with no or
limited stirring results in similar values for the normalised
hydrogen consumption compared to data shown in
Table 1,">® namely 1.48 x 10 * and 2.78 x 10 * moly, gru '
s, respectively. These calculations can be found in the SI,
section S4. More importantly, compared to the performed
non-stirred experiment, the consumption rate of the hollow-
shaft stirred system is approximately 10 times faster (Table
S5), ie. this finding significantly reduces the required
reaction times to obtain liquid yields via hydrogenolysis.
Analysis of the final product substantiates this statement, as
the product is fully converted to alkanes in the range of C1 to
C28 within the reaction time of 40 minutes - see Fig. 5.

As previously mentioned, the measured pressure is a
combination of hydrogen consumption and gaseous product
formation. Therefore, the resulting product distribution was
expected to resemble when experiments reach a comparable
final pressure. The pressure profiles of a non-stirred and
hollow-shaft stirred experiment, conducted for 420 and 24
minutes, respectively, are presented in Fig. 4 together with
the earlier shown 40 minute experiment for comparison. An
identical final reactor pressure is reached within a +0.5%
margin. However, comparing the resulting product yields in
Fig. 5 reveals unexpected results: the enhanced mass transfer
influences the product distribution.

As can be seen in Fig. 5, not stirring the reaction mixture
does lead to the formation of lower molecular weight
alkanes. The methane yield of 15 wt% is notably higher
compared to the methane yield of the hollow-shaft stirred
reaction mixtures, while the formation of other gases remains

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Pressure over time for a non-stirred (420 min) and hollow-
shaft stirred (24 min, 1300 rpm) experiment, reaching both a final
pressure of 52.7 (+0.5%) bar, dashed line to guide the eye. Hollow-
shaft stirred (40 min, 1300 rpm) experiment for comparison. Heating
and cooling time is included. Bold values represent the total
consumption of hydrogen per experiment in wt%, measured by GC
analysis. Experimental settings: 3.5 g LDPE, Ru/C, feed-to-catalyst 9.3
to 1, 40 bar H, (at RT), initial peak temperature 260 + 5 °C, after 15
min 250 t 5 °C. At end of experiment: fast cooling of contents.

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1T
I No stirring (420 min)

1 B Hollow shaft (40 min) _|
B Hollow shaft (24 min)

Product yield [wt.%]
o ®
L L

IS
L

~
1

12 3 4 5 6 7 8 9 101 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Carbon number [-]

Fig. 5 Product distribution in the liquid range for non-stirred (420
min) and hollow shaft-stirred (40 and 24 min, both 1300 rpm)
experiments. Significant dip in butane (C4H;0) is due to a limited range
for gas analysis and handling. Approximately 1 wt% is missing.
Experimental settings: 3.5 g LDPE, Ru/C, feed-to-catalyst 9.3 to 1, 250
°C, 40 bar H; (at RT).

in the same order of magnitude. This suggests a higher
occurrence of end-chain scissions when not stirred. After 24
minutes of reaction time in the stirred experiments, only 6 wt%
of methane has formed. Also at this point, a significant amount
of liquid alkanes has already formed. Comparing to the 40
minute experiment, it seems that these alkanes are partly
converted to methane and other lighter alkanes, increasing the
partial pressure of hydrocarbons Pc g, resulting in the change
of slope in Fig. 4. Additionally, the liquid formation due to the
rapid conversion in the stirred reactor also leads to a drop in
viscosity, as can already be seen in the physical products (Fig.
S11). Distributing the hydrogen gas, catalyst, and remaining
polymers will be faster, even as dissolving hydrogen. The
fractional molar solubility of hydrogen, ie., moly, per mol
alkane, decreases in lower alkanes;'>'® however, the number of
moles present in the melt increases nearly exponentially due to
the alkane scission, leading to an increase in the absolute

This journal is © The Royal Society of Chemistry 2025
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amount of dissolved hydrogen moles per volume. Both these
phenomena will result in an enhanced reaction rate to either
liquid or gaseous products. This explains the sudden increase
in methane formation from 24 to 40 minutes. Combining this
data, it is hypothesised that the increased concentration of H,
in the melt or liquid phase — and thus at the catalyst surface -
due to stirring with a hollow shaft stirrer, alters the ratio of end
and random chain scission, favouring the latter and hence
promoting the formation of liquids. More specifically, the
cleavage of primary-secondary carbon bonds will keep
happening, but the occurrence of secondary-secondary carbon
bond scission is increased.

These findings have a considerable impact on existing
data in catalyst research. As it is often not reported if or how
well the reaction systems are stirred, the mass transfer
limitations of hydrogen to the catalyst surface could have
inhibited the observed reaction rates and influenced the
obtained product distribution. To ensure meaningful
comparisons between catalysts, it is critical that researchers
assess the extent of mass transfer limitations in their systems
before drawing conclusions about the activity and reactivity
of catalysts applied in hydrogenolysis.
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