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Herein, we present a novel protocol for the catalytic depolymerisa-
tion of bio-based polyhydroxybutyrate and polylactic acid over Ru/
CeO,. The corresponding monomers of 3-hydroxybutyric acid and
lactic acid were afforded with yields of 79 and 94%, respectively.
Moreover, the transformation of a mixture of both biopolyesters
was possible with a comparable outcome.

Due to the absence of comprehensive circularity in many
plastic markets, the majority of today’s plastics are still incin-
erated or landfilled, leading to increasing CO, emissions and
pollution."™ The contamination leads to serious hazards due
to the long degradation periods.® For one, microplastics can be
harmful to animals and can even enter the human food chain,
damaging internal organs. Moreover, the toxicity of respective
degradation products and additives as well as the ability of
plastic particles to act as pathogen carriers pose further health
threats.”

Thus, the ongoing shift to renewable feedstocks in the
chemical industry for the production of bioplastics should be
accompanied by the development of efficient technologies for
the chemical recycling and upcycling of these new materials.®
Two bioplastics already attracting increasing attention are poly-
hydroxybutyrate (PHB) and polylactic acid (PLA).°** Both bio-
polyesters can be made from renewable resources e.g., corn,
sugar beet, or agricultural waste like whey and are able to
degrade in the environment within weeks unlike decades, as
for many current industrial polyesters e.g., polyethylene tere-
phthalate (PET) or polycarbonate (PC).*'>** However, here
biodegradability should not be seen as a novel robust recycling
method but rather as an end-of-life insurance against misman-
aged waste streams.'”>"® Moreover, biodegradation is not a par-
ticularly attractive closed carbon loop as the carbon is mainly
converted into diluted CO, streams, which present a challen-
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ging entry point into novel value chains. A more attractive way
of closing the carbon loop is the direct chemical recycling of
bioplastics into the starting monomers.'” Nevertheless, to this
day, mechanical recycling, i.e., melting and re-extrusion of dis-
carded plastics, remains the most prominent strategy.
However, this method is sensitive to the heterogeneity of
current plastic waste, as it requires rather pure streams.
Moreover, this procedure cannot be applied infinitely as the
mechanical properties of the downcycled material deteriorate
over time.'®'® More robust processes like pyrolysis allow the
processing of less pure feeds but often lead to a rather broad
mixture of products.*® Thus, a chemical recycling into the
respective monomers for repolymerisation or subsequent con-
version into other chemical building blocks represents a more
promising route for closed material cycles (Scheme 1).

Until now, most studies in this field have relied on homo-
geneous catalytic systems.”’ While this presents a viable entry
point for mechanistic insights and offers the advantage of cat-
alysts with high activity and selectivity, one downside of these
approaches relates to more elaborate separation steps for cata-
lyst and product recovery. Here, heterogeneous catalysis could
complement polymer recycling with molecular systems by
offering easy catalyst separation, superior thermal stability,
and economic regeneration strategies. Recent studies showcase
the general feasibility of depolymerisation using hetero-
geneous catalysis.***** The group of Sun reported the appli-
cation of Pd/C and Cu/Zn/Al catalysts for PHB depolymerisa-
tion under a H, atmosphere. A Pd-based catalyst led to the for-
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mation of butyric acid, butanol, butyrates, and gaseous pro-
ducts, whereas a Cu/Zn/Al catalyst was more selective to BA
(70% yield).>*

Reductive PLA depolymerisation using Ru-MACHO-BH, a
homogeneous Ru(u) catalyst, was studied by the group of
Enthaler, providing 1,2-propanediol yields of up to 99%.>*
Moreover, the uncatalysed thermal depolymerisation of PLA is
well-known in the literature. PLA can be recycled to lactic acid
(LA) within 30 min, although at the expense of an increased
energy demand.”® >’ To the best of our knowledge, no work
using a solid supported catalyst has been described for PLA
depolymerisation so far. Herein, we report efficient protocols
for the chemical recycling of PHB and PLA. For this purpose,
we have performed a study of different supported Ru catalysts
besides a screening of several reaction conditions to facilitate
high monomer yields for repolymerisation and improved circu-
lar value-chains.

Supported Ru catalysts are already successfully applied in
the depolymerisation of bio-based polymers such as cell-
ulose?® and formed the basis of this study. The results pre-
sented in Table 1 underline the necessity of suitable catalyst
selection to obtain the desired C,-monomers as no yield is
observed without a catalyst. It is noteworthy that the total yield
does not equal the conversion since gaseous products or
higher oligomers were not detectable via HPLC analysis.

The screening of the support materials reveals the crucial
influence of the catalyst composition with alumina, silica, and
zirconia only leading to low total yields of up to 9% (Fig. S17).
Moreover, these catalysts possess a low selectivity towards C,-
products mainly leading to a herein undesired isopropanol
(iPrOH) formation. Ru dispersed on mixed metal oxides pro-
vides higher yet still rather low total yields in the range of
14-16%, except for MgAl,O,, revealing a total yield of 36%
(Table 1). The use of a commercial Ru/C catalyst was also part
of the investigations, which led to a total yield of 41%, but
only a low 3-hydroxybutyric acid (3-HBA) yield of 6%. A con-
siderably higher catalytic activity was found over CeO, and
hydrotalcite as support materials. Indeed, the latter reaches a
high butyric acid (BA) selectivity of 67% and a significantly

Table 1 Catalyst screening. Conditions: 50 mg of catalyst with a 5 wt%
metal loading (~1.5 mol% Ru, ~0.8 mol% Re, or 0.8 mol% Ru and
~0.4 mol% Re for the bimetallic system), 138 mg of PHB, 200 °C, 100
bar Hp, 40 min, 5 ml of H,O, and 500 rpm

Yrotal Y3 mBa Ya Y: 38D Yipron

Metal  Support [%] [%] [%] [%] [%]
— — 0 0 0 0 0
— CeO, 13 12 1 0 0
Ru CaZrO; 14 7 5 1 1
Ru CaTiO3 16 5 5 2 4
Ru MgAl,0, 36 2 19 2 13
Ru Carbon 41 6 3 5 27
Ru Hydrotalcite 79 14 53 2 10
Re CeO, 79 67 11 1 0
Ru, Re CeO, 90 40 37 4 9
Ru CeO, 100 69 31 0 0
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higher total yield of 79%. The most promising catalyst of the
presented screening is Ru/CeO,, enabling a total yield of 100%
(which corresponds to a yield of 69% for 3-HBA and 31% for
BA). It is noteworthy that the ceria support itself exhibits cata-
Iytic activity, leading to a total yield of 13%, with a selectivity
of 92% towards the 3-HBA monomer. Moreover, Re/CeO, is a
further promising system, with a high 3-HBA yield of 79% and
a 3-HBA selectivity of over 84%. However, the combination of
Ru and Re supported on ceria, both with 2.5 wt%, does not
lead to improved performance compared to the monometallic
materials.

To gain further insights into the underlying phenomena gov-
erning different catalytic performances, the materials were
characterised by temperature programmed reduction (TPR), N,-
physisorption, X-ray diffraction (XRD), and CO-pulse (see
Table S171). The most active material Ru/CeO, reveals the lowest
main reduction peak temperature of 205 °C in TPR (Fig. S2t). In
contrast, the Re-containing catalysts lead to comparable total
yields of 79 and 90%, but the reduction temperatures are sig-
nificantly higher than those for Ru/CeO, (324 °C for bimetallic
RuRe and 410 °C for monometallic Re). The main reduction
peaks for all other catalysts are in the range of 200 to 400 °C.
Therefore, no consistent correlation between the reduction
temperature and the total yield could be evidenced.

Moreover, further characterisation by N,-physisorption
revealed no relationship between the surface area and the
resulting catalytic performance (Table S17). For instance, Ru/C
possesses an almost ten times higher surface area (760 m”> g™")
compared to Ru/MgAl,O, (78 m> g™') yet the total yields are
similar (41 vs. 36%).

In addition, the metal dispersion was determined by CO-
pulse measurements, as it can have a crucial influence on the
catalytic activity (Table S1}). Unfortunately, no dispersion
values could be derived for Ru/CaZrO; and Ru/CaTiO; since
only minor amounts of CO were adsorbed. This finding is
potentially caused by a too strong metal-support interaction
(SMST-effect) hindering the CO-adsorption.”*' The highest
metal dispersion with 28% was obtained for the commercial
Ru/C catalyst. The relatively high dispersion could be the
origin for the high activity in C-C and C-O bond cleavage that
this catalyst showed, leading predominantly to i{PrOH and
gaseous products.

In a reference experiment under standard conditions, 10%
methane, 7% propane, 1% butane and 8% CO, were found by
GC-analysis. The distinct activity of Ru/C in decarbonylation as
well as further C-C and C-O cleavage has been discussed pre-
viously for the hydrogenolysis of biogenic polyols such as sor-
bitol and xylitol.>*** It is noteworthy that the best performing
catalyst Ru/CeO, possesses one of the lowest dispersions (11%)
of all investigated catalysts. In contrast, Re/CeO, shows an
almost equal 3-HBA yield, despite a significantly higher dis-
persion of 20%. However, the dispersion is also metal-specific
and therefore the comparison of Ru and Re is limited. Overall,
the metal dispersion seems to play a subordinate role while
the yield and selectivity are mainly influenced by the support
composition.

This journal is © The Royal Society of Chemistry 2022
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XRD analysis was employed to obtain further insights into
the metal particle size. In the case of Ru/CeO,, additional
reflections appear at angles of 25, 31, 34 and 44° (see Fig. S37).
The reflection at 34° can be assigned to the RuO, species
whereas the one at 44° indicates metallic Ru.**® The other
catalysts did not reveal these characteristic reflections
although an overlapping of reflexes cannot be excluded,
especially for CaTiO; and metallic Ru (see Fig. S47).

In the following, Ru/CeO, was chosen for further optimi-
sation of the reaction, as this catalyst showed the highest
activity. For this purpose, a screening of different reaction con-
ditions was executed (Fig. 1) wherein the catalyst amount was
decreased to 5 mg of Ru/CeO, (0.15 mol% Ru). At this point a
reference is made to Fig. S61 where the correlation between
the reaction performance and the employed catalyst amounts
(1-50 mg) was studied. The data show that the total yield of
the observed products (mainly 3-HBA and BA) gradually
increases with increasing catalyst amount between 1 and
25 mg Ru/CeO,. It is noteworthy that for 50 mg the acid yields
decrease again at the expense of increased /{PrOH formation.

View Article Online

Communication

The time resolved experiments shown in Fig. 1A revealed
that the 3-HBA yield is greatly influenced by the reaction time.
First amounts of 3-HBA can be detected after 20 min, increas-
ing further over time to a maximum yield of 79% observed
after 110 min, underlining the high activity of the catalyst in
the chemical recycling of PHB. Moreover, the importance of a
careful choice of the reaction time becomes evident as 3-HBA
may be further converted to BA leaving 67% 3-HBA after
240 min. In addition, a decrease of the total yield is visible
after 240 min. An analysis of the gaseous phase in a reference
experiment conducted for longer reaction times revealed the
presence of gaseous products such as methane, propane, and
CO,. These products are believed to be formed through the
further degradation of e.g. {PrOH, BA and crotonic acid (CA).
This finding suggests that the formation of gaseous products
causes the decrease in the total yield of liquid phase products
over time.

Furthermore, the temperature was found to have a crucial
influence on the reaction outcome (Fig. 1B). No product for-
mation could be evidenced at 150 °C. The onset of monomer

I 3-HeA [ A [ 1,3-5D [ CA [l ProH

Yipe [%]

t [min]

B| | D)

80 80 80
g 60 g 60 g 60
& 2 g
4 e - =4
> 40 > 40 > 40

20 20 20

0 0 o —

150 175 200 225 250 25 H,O-free 138 55 28 14
T[°C] Phiyerogen [Dar] Cpyg [Mg/ml]

Fig. 1 Investigation of the influence of different reaction parameters; standard conditions for all approaches except as stated otherwise: 138 mg of
PHB (1.6 mmol), 5 mg of Ru/CeO, (0.0025 mmol Ru), 200 °C, 100 bar H,, 40 min, 5 ml of H,O, and 500 rpm. Variations: (A) time: 0—240 min,
414 mg of PHB, 15 mg of Ru/CeO,, and 15 ml of H,O; (B) temperature: 150-250 °C; (C) H,-pressure: 0—100 bar; and (D) polymer concentration by
changing the solvent volume: 0—20 ml. Application of HV dried polymer and freshly reduced catalyst in a H,O-free approach.

This journal is © The Royal Society of Chemistry 2022
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production was found to be at around 175 °C, which is also
close to the melting point of the polymer.’” As reported by the
group of Sun, a reaction temperature above the melting point
seems to be favourable to increase the mass transfer between
the solid catalyst and PHB.>* A further increase of the tempera-
ture from 175 to 225 °C leads to improved yields of the C,-pro-
ducts. At higher temperatures the 3-HBA yield dramatically
decreases from 55% at 225 °C to 22% at 250 °C, while the BA
yield increases from 22% to 42%. The latter is formed via de-
hydration of 3-HBA to CA*® and subsequent hydrogenation. A
qualitative GC-analysis of the headspace for the reaction at
250 °C detected CO, besides methane and propane, indicating
a decarboxylation of the acids as previously found for longer
reaction times. Hence, conducting the reaction above the
polymer melting point at around 180 °C is recommended, facili-
tating adequate mass transfer between the melted polymer and
the solid catalyst. However, the temperature should be kept at
approximately 200 °C to avoid the literature-known, herein
undesired, dehydration and/or decarboxylation reactions.*®*°

The crucial role of H, in the PHB depolymerisation using
Ru/CeO, as the catalyst was evidenced by means of a control
experiment without H, (Fig. 1C). In the absence of H,, no sig-
nificant product formation could be detected (2% 3-HBA and
4% CA). In the case of a H, atmosphere being applied, the
reaction only reveals a low correlation between the pressure
and the yields. Comparing 1 and 100 bar, the 3-HBA and BA
yields increase from 32 to 41% and from 7 to 12%, respect-
ively. This shows that the increase in pressure is accompanied
by an increase in monomer yields, but that even low pressures
of only one bar are sufficient to achieve significant conversion
towards both 3-HBA and BA. An even higher dependency of
the H, pressure was revealed for the commercial Ru/C catalyst
(Fig. S77). This different pressure sensitivity indicates that the
ceria support ensures a better surface hydrogen availability
even at low pressures compared to commercial Ru/C. Thus,
higher H, pressures can be avoided, enabling a chemical re-
cycling of PHB under milder conditions, which is more attrac-
tive for an industrial application reducing investment and
operating costs. However, the chemical role of H, in the depo-
lymerisation step could not be fully elucidated yet. We propose
a hydrogen-assisted formation of protonic acid sites as a
potential origin of the enhanced hydrolysis rate in the pres-
ence of H, and a supported metal catalyst.**™*>

In the following, the concentration of the polymer starting
material was varied (Fig. 1D). This was achieved by using
different amounts of an aqueous solvent (0-20 ml). Without
water, no significant conversion takes place with only 3% BA
being obtained. The highest polymer concentration of 138 mg
ml " leads to the highest total yield of 69% but comes with the
drawback of a high BA proportion (30 of 69%). A lower PHB
concentration leads to first falling and then rising total yields.
However, it should be mentioned that the yield reduction is
accompanied by an increase in the selectivity to 3-HBA, it
being highest for a concentration of 28 mg ml™". It can there-
fore be stated that the concentration of the catalyst and sub-
strate can contribute to the control of the product distribution.

3960 | Green Chem., 2022, 24, 3957-3963
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The increase in the yields associated with a further decrease in
the concentration may be based on an increased polymer dis-
solution and a higher possibility for the hydrolysis step from
PHB to 3-HBA.** Moreover, water appears to play an important
role in catalyst activity.***> Several studies found that the co-
adsorbed water molecules on metallic Ru centers lower the
energy barriers facilitating the hydrogenation of the carbonyl
groups to the corresponding alcohols.*®™*° Similarly, the depo-
lymerisation of PHB under a H,-atmosphere could be favored
in an aqueous medium due to the dissociation of H, on Ru
with subsequent spill-over to the support and formation of
additional acidic sites.**™*?

Among the studied catalysts, Ru/CeO, shows the best
selectivity towards 3-HBA. However, catalyst reusability plays
an equally important role besides good catalytic performance.
The initially performed recycling runs (Fig. S107) indicated a
gradual deterioration in catalyst performance leading to a
decrease in the 3-HBA yield from 75 to 13% after three re-
cycling runs. Hence, strategies to improve catalyst reusability
were investigated. For one, the particle size of the ceria
support may influence the reusability significantly, as pre-
viously demonstrated in stability experiments by the group of
Baer.>® On this account, the effect of bigger support particles
was investigated by replacing the CeO, support particles of
max. 50 nm with those that were max. 5 pm in size. The new
Ru/CeO, catalyst was then subjected to reusability tests
(Fig. S117). While the increase of the support particles posi-
tively impacted catalyst reusability, a less pronounced, yet still
apparent deactivation was evident. Moreover, the 3-HBA
selectivity significantly decreased after the first reuse. Thus, a
re-reduction step after the catalyst recovery was probed as a
means to restoring the initial catalytic performance (sixth
run). Indeed, this proved to be an effective means of almost
fully restoring the initial performance. It is noteworthy that
deviations to the first run are found regarding the formation
of smaller amounts of CA, indicating a slightly lowered hydro-
genation ability. In summary, the use of larger support par-
ticles combined with the re-reduction of the catalyst was found
as a promising strategy for improved reusability.

Finally, the successful heterogeneously catalysed chemical
recycling of PHB into its monomer 3-HBA over Ru/CeO, led us
to broaden the scope of this method to PLA depolymerisation.
PLA is another promising bio-based and bio-degradable
material and currently possesses the highest market share for
renewably sourced polymers.’

As shown in Fig. 2, PLA depolymerisation is also possible in
the absence of a catalyst leading to a lactic acid (LA) yield of
98% after 60 min. However, the use of Ru/CeO, significantly
accelerates this degradation. While the uncatalysed reaction
does not show any monomer formation after 10 min, the pres-
ence of Ru/CeO, leads to a considerable increase in the total
yield to 50%, which is dominated by the conversion towards
LA (49% yield). With the catalyst, the LA yield increases even
further to 94% after only 20 min, whereas only 3% total yield
is observed without the catalyst. This highlights the beneficial
effect of a catalyst to accelerate the chemical recycling of PLA

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Catalytic PLA depolymerisation. Conditions: 115 mg of PLA,
25 mg of Ru/CeO,, 200 °C, 100 bar Hp, 10-60 min, 5 ml of H,O, and
500 rpm.

into LA. After 40 min a convergence of the yields for the cata-
lysed and uncatalysed reactions was evident. It is noteworthy
that in the presence of H, some of the produced LA is further
converted to 1,2-propanediol (1,2-PD) and propionic acid (PA)
over Ru/CeQO,.

Given that robust and economic sorting of plastic waste
streams has not been fully developed, the direct application of
mixed polyester materials in the catalytic conversion would
present a more mature technology with a higher degree of
flexibility. In this regard, a combined approach with PHB and
PLA was studied in a one-pot reaction. As shown in Fig. 3, the
yields for the mixed recycling approach are contrasted with the
monomer yields achieved in the corresponding single polymer
recycling.

Concerning PHB-derived products, the yields for BA and
3-HBA are reduced from 29 to 24% and from 56 to 46%,

[ 3-HEA [ BA [ 1,3-8D [ ProH
LA

PA 1,2-PD

100 PHB-derived products PLA-derived products
2 13
80 - 14
29
S 24
(&}
2
> 40+ 77
72
56
204 46
0 = T T
PURE MIXED PURE MIXED

Fig. 3 Mixed polymer approach. Conditions: 73.5 mg of PHB, 57.5 mg
of PLA, 25 mg of Ru/CeO,, 200 °C, 100 bar H,, 1 h, 5 ml of H,O, and
500 rpm.

This journal is © The Royal Society of Chemistry 2022
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respectively. The 1,3-BD yield remains constant at about 2%,
while {PrOH is only observed in the neat PHB approach with
4% yield. In the case of PLA-based product formation, the
observed differences are only minimal. The yields for 1,2-PD
and PA vary by only 1%. It is noteworthy that the LA yield even
increases from 72 to 77% in the mixed polymer experiment.
While the application scope of mixed biopolyesters is
accompanied by a slight decrease in the yields of the PHB-
derived Cs-products, the data clearly demonstrate the general
feasibility of the simultaneous depolymerisation of both poly-
mers over Ru/CeO,.

The one-pot catalytic recycling of multiple polyesters was
then further extended to PET as a non-bioplastic, which is cur-
rently likely to occur in respective waste streams (Fig. S97). The
results reveal that PHB and PLA are converted in a similar
manner to the previous mixed recycling approach, whereas
PET largely remained intact (96% recovered after filtration, see
also Fig. S19t). The low PET conversion is likely related to the
significantly higher melting point of PET (approx. 250 °C).”"
The results are promising as they indicate the feasibility of the
chemical recycling of mixed waste streams comprised of PHB,
PLA, and PET. The latter will remain in solid form and could
then be easily separated from the reaction solution and depoly-
merised in a subsequent step tailored to PET, circumventing
the need for additional extensive sorting and purification steps
prior to the depolymerisation.

In summary, this work reports the catalytic recycling of
PHB and PLA into 3-HBA and LA under a H, atmosphere in an
aqueous phase. With respect to PHB, Ru deposited on ceria
exhibited the best performance leading to 3-HBA monomer
yields of up to 79% besides 20% BA after 110 min at 200 °C.
For longer reaction times or higher reaction temperatures de-
carboxylation of the monomer acids was observed. The pres-
ence of water was found to be crucial as higher amounts of
aqueous solvent lead to an increase in 3-HBA selectivity.
However, further studies are necessary to elucidate the specific
role of potentially more dissolved polymer chains with
increased solvent amounts besides the specific interaction of
water and Ru/CeO, as previously reported in the literature.*®™*°

The substrate scope was also extended to PLA, which led to
an accelerated depolymerisation into LA. To the best of our
knowledge, this is the first report of the selective PLA depoly-
merisation into LA over a supported solid catalyst. Our Ru/
CeO, catalyst gave rise to 94% LA after only 20 min.

Finally, we have demonstrated the direct recycling of a
mixed polymer feed comprised of PHB, PLA and PET.
Indeed, the described protocol can be used to convert both
biopolyesters simultaneously in the presence of large PET
amounts, with a similar outcome compared to the respective
single polymer approach.

We believe that the herein reported chemical recycling of
PHB and PLA proficiently complements conventional mechan-
ical recycling and biodegradation methods to enable full circu-
larity. While mechanical recycling offers finite reprocessing for
lower value applications, chemical recycling into the hydroxy
acid monomers enables a direct reuse in polymer applications

Green Chem., 2022, 24, 3957-3963 | 3961
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or use as biobased platform chemicals. In this regard, bio-
degradation (i.e., mainly decomposition of the biopolymers
into CO, and water) here fulfils the role as a safeguard, in case
the polymer material accidentally escapes from the controlled
material cycle, rather than serving as primary recycling
method.

Nevertheless, future techno-economic and life cycle ana-
lyses are required to study and evaluate the overall viability
and sustainability metrics of the herein reported methods.
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