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Abstract: The increasing market demand and rising prices of raw materials have heightened interest
in renewable and sustainable sources. Consequently, the production of building block chemicals from
natural products or synthetic consumables has shifted scientific research towards catalytic strategies
for the depolymerization of these materials. Polymer chemistry presents significant opportunities for
recycling, as the synthesis of polymers typically begins with monomers. Emerging non-destructive
techniques enable the recovery of these starting reagents. This review summarizes recent
advancements in catalytic methods for the depolymerization of polymers derived from both natural
sources, such as cellulose and lignin, and synthetic sources, including conventional plastics. The
review is organized into three sections: catalytic depolymerization of cellulose, catalytic
depolymerization of lignin, and catalytic depolymerization of plastics. Particular emphasis is placed
on recent studies exploring innovative techniques. The raw materials obtained through these
strategies can be reintegrated into the production cycle, supporting a fully circular economy.

Keywords: circular economy; catalysis; sustainable chemistry; polymers

1. Introduction

The overproduction of new materials has led to the exploitation of fossil resources at
unprecedented levels, resulting in irreversible effects on ecosystems [1,2]. This shortage of building
block chemicals has caused a rise in market prices [3,4]. In recent decades, to address these challenges,
both academia and industry have increasingly invested in more sustainable resources and related
methodologies [5,6]. Today, sustainability is understood as a concept encompassing not only
economic factors but also environmental considerations [7,8]. Polymers, both natural and synthetic,
are among the most abundant materials on Earth [9,10]. Biomass, in particular, has gained significant
attention over the past few decades as it has been transformed from a natural resource or waste
product into a high-potential raw material for the production of chemicals, materials, and energy
[11,12,13]. Cellulose, a natural glucose reservoir in plants, has been chemically functionalized over
the years to produce materials suitable for various applications [14,15,16]. One of the most extensively
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studied and intriguing research areas involving this polymer is its depolymerization, a topic that
continues to attract significant interest [17,18,19]. Depolymerization breaks the polymer chain into
glucose, the fundamental building block, initiating cascade reactions that yield what are now known
as platform molecules [20,21,22]. These platform molecules have demonstrated broad application
potential and are emerging as viable or even superior alternatives to their fossil-based counterparts
[23,24,25]. Lignin, the other primary component of biomass, was historically underutilized but is now
regarded as a key resource with promising future potential [26,27,28]. This shift in perspective is due
to its status as an underexplored sustainable resource and its abundance as a waste product,
particularly from the paper manufacturing industry [29,30,31]. Currently, lignin serves as a
renewable source of aromatic compounds, which are of great interest for biofuels and the chemical
industry [32,33]. Despite being an aromatic polymer composed of cross-linked phenolic units derived
from phenylpropane, with a composition that varies depending on the plant type and other factors
[34], lignin can also be used to produce aliphatic molecules such as linear and cyclic alkanes, which
were traditionally sourced exclusively from petroleum [35,36]. The biopolymers discussed thus far
represent an inexhaustible resource when utilized sustainably, with substantial untapped potential.
Despite these advances, fossil-derived raw materials remain widely used due to economic factors,
including market demand, as well as familiarity with the properties and applications of the resulting
materials. Annually, over 380 million tons of polyethylene terephthalate (PET) are produced globally.
PET, commonly used in everyday products, is primarily synthesized from terephthalic acid and
ethylene glycol, both historically derived from fossil resources [37]. Other fossil-based plastics that
are widely used include polyvinyl chloride (PVC), polyethylene (PE), polystyrene (PS),
polypropylene (PP), and many others [38,39,40]. Modern research is increasingly focused on
replacing fossil-derived chemicals with sustainable alternatives or developing methods to produce
them [41,42]. In particular, chemical depolymerization using eco-friendly catalysts and sustainable
strategies is emerging as a promising approach to regenerate the monomers of these plastics, enabling
their reintegration into a circular economy, including applications in food packaging [43,44,45]. This
review is structured into three sections, each detailing the latest innovations in catalytic methods for
the depolymerization of cellulose, lignin, and commonly used plastics. The selected studies highlight
strategies that aim to merge the principles of sustainable chemistry with those of green chemistry.
The discussion also emphasizes the monomers produced, which not only allow the reproduction of
the same materials for a reuse economy but also offer potential for alternative applications.

2. Catalytic Depolymerization of Cellulose

Cellulose is an insoluble aggregate composed of D-glucose units linked by [(3-1,4-glycosidic
bonds, forming a structure with both crystalline and amorphous regions [46,47]. The extensive
network of intra- and intermolecular hydrogen bonds results in a fully cross-linked molecular
architecture, contributing to its insolubility in most solvents. This unique structural composition also
presents significant challenges for the depolymerization of cellulose. The sugars derived from
cellulose depolymerization are crucial precursors for various biofuels and valuable chemicals,
including ethylene, ethanol, glycerol, lactic acid, glycol, and levulinic acid. Several methods are
available for converting cellulose into glucose, with enzymatic hydrolysis and catalytic hydrolysis,
using either liquid or solid acid catalysts, being the most widely studied approaches. Enzymatic
hydrolysis is particularly promising due to its mild operating conditions and high selectivity,
enabling the efficient extraction of fermentable sugars from diverse biomass sources. Notably,
enzymatic methods exhibit high selectivity for glucose. However, challenges associated with enzyme
recycling, high costs, and low efficiency limit the broader application of enzymatic hydrolysis.

Mineral and organic acids, including H,SO,, HCl, acetic acid, and oxalic acid, have been
extensively employed as catalysts for the catalytic hydrolysis of cellulose [47,48]. However, these
acids present several challenges: (i) difficulties in separating and recovering the acid from the sugar
products, (ii) the need for wastewater treatment, (iii) equipment corrosion, and (iv) reduced sugar
yields due to the degradation of sugars into 5-hydroxymethylfurfural (HMF), furfural, and levulinic
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acid (LA) under high-temperature conditions [49,48]. To address these limitations, solid acid catalysts
have emerged as promising alternatives for cellulose hydrolysis. Compared to conventional liquid
acids, solid acid catalysts offer easier recovery and reuse, enhancing sustainability and process
efficiency.

2.1. Solid Acid Catalyst Depolymerization of Cellulose

Solid acid catalysts play a crucial role in the depolymerization of cellulose and the conversion of
biomass into valuable chemicals and biofuels. Compared to homogeneous acids such as H,SO4 and
HC], solid acid catalysts are preferred due to their recyclability, reduced corrosiveness, and enhanced
selectivity in product formation. Notable examples include Amberlyst 15, 35, and 70, as well as
Nafion and zeolite Y, which are particularly effective for cellulose hydrolysis in ionic liquids.
Amberlyst 15 DRY, a sulfonated polystyrene resin, is highly efficient at hydrolyzing cellulose into
glucose due to its strong Brensted acidity and reusability. Additionally, Amberlyst resins exhibit
stability in acidic anion ionic liquids, whereas they are prone to rapid degradation in basic anion ionic
liquids, such as 1-butyl-3-methylimidazolium acetate. Zeolites, including HZSM-5, provide both
Brensted and Lewis acid sites, making them suitable for isomerization and hydrolysis reactions.
Similarly, metal oxides like sulfated zirconia are valuable for high-temperature reactions because of
their thermal stability and tunable acidity [50,51,52]. Ionic liquids, such as 1-Allyl-3-
methylimidazolium Chloride (AMIMCI), can dissolve cellulose at concentrations of up to 25 wt%
[53]. Their unique solvent properties make ionic liquids particularly effective for cellulose
depolymerization.

In a notable study, Pang et al. [49] explored the use of ionic liquids and solid acids to process
cellulose fibers from various agricultural byproducts, including sugarcane bagasse, sago pith,
sawdust, and corn cobs. They prepared a 5% cellulose solution by dissolving these fibers in AMIMCI.
Introducing a small amount of Amberlyst catalyst initiated the depolymerization process by
facilitating ion exchange with the ionic liquid, generating HsO* ions. These ions were crucial for
cleaving the {3-glycosidic bonds in cellulose, leading to the formation of cello-oligomers and
byproducts such as reducing sugars and glucose. This innovative approach demonstrates a
promising strategy for extracting valuable components from natural biomass (see Scheme 1).
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Scheme 1. Mechanism of depolymerization of cellulose [49].

The experiment demonstrated that the degree of polymerization by weight (DPw) of the
resulting cello-oligomers was significantly influenced by the initial DPw values of the cellulose fibers
subjected to depolymerization. Specifically, cellulose fibers from corn cobs and sawdust, with initial
DPw values of approximately 351, produced cello-oligomers with average DPw values of 88 and 72,
respectively, after a reaction time of about 40 minutes (Table 1) [49].

In contrast, fibers derived from sugarcane bagasse and sago pith, which had higher initial mean
DPw values of 571 and 564, yielded lower DPw values of 37 and 30 for the cello-oligomers after longer
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reaction times of 60 and 100 minutes, respectively. Notably, sago pith fibers depolymerized at a faster
rate than those from sugarcane bagasse. This accelerated depolymerization may be attributed to the
more uniform distribution of DPw within the cellulose fibers from sago pith [49].

Table 1. Sources of cellulose with their Mean DPw peak values for cello-oligomers and Percentage change of
DPw.

Source of cellulose Mean DPw peak Percentage change of
0 min and 120 min DPw ADPw (%)
Sawdust 351 72 79.5
Sago pith wastes 564 30 94.7
Corn Cob 329 88 78.1
Sugarcane bagasse 571 37 93.5

Although solid acid catalysts offer several advantages, their effectiveness in cellulose hydrolysis
is hindered by the high crystallinity of cellulose, which limits the catalyst's access to glycosidic bonds.
This restricted accessibility impedes efficient glucose production, posing a significant challenge for
biorefineries that depend on sugar platforms. A promising approach to overcoming this limitation
involves the pretreatment of cellulose using molten salt hydrates (MSH) [54]. In a recent study by
Paiva et al. [55], cellulose conversion was carried out using a Radleys Carousel Reactor. In a typical
experimental setup (Figure 1), 0.05 g of cellulose was combined with either 0.05 g or 0.025 g of catalyst
in a solution containing 2.5 g of ZnCl,, maintaining a constant molar ratio of salt to H,O at 3.0.

OH
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Figure 1. Methodology for Screening Cellulose Catalytic Conversions [55].

The mixture was placed in a reaction flask with a magnetic stir bar and heated in the Radleys
Carousel at 70 or 90 °C, with continuous stirring at 600 rpm for 2 to 5 hours. After the reaction, the
flask was cooled using an ice bath. The catalysts were separated by centrifugation, and 0.3 g of the
hydrolysate was diluted tenfold for product analysis [55].

Table 2 summarizes the conversion of cellulose using AMSH (acidic molten salt hydrate) in the
presence of various catalytic agents, highlighting the different product yields obtained. Notably,
when compared to conventional inorganic acids like H,SO,, the use of lithium bromide (LiBr)
acidified MSH as a mesoporous solid hydrolysis agent at 85 °C resulted in a significantly higher
glucose yield [56]. Additionally, elevated temperatures in the presence of ZnCl, promoted substantial
production of 5-hydroxymethylfurfural (HMF) [57]. When HZSM-5 (SiO,/Al,Os) was used at 90 °C
for 2 hours, the glucose yield was slightly lower than that achieved with the SO.2/TiO;, catalyst [58].

Table 2. Cellulose conversion in molten salt hydrates solutions with catalysts.

Substrate MSH/Catalyst Main products (%yield) Ref.
MCC Beta and ZSM-5 zeolites with Gluco oligomers (54.4%), 521
5i02/Al20s = 30 and 50 glucose (28.3%) & HMF (0.2%)

MCC ZnCl (72wt%) /HCI (0.2 M) HMF (69.5%) 1571
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Gluco oligomers (9.4%),
Cellulose ZnCl2-:3H20/SO04/TiO2 glucose (50.5%), HMF (3.4%), [
fructose (5.9%), & LA (5.1%)
LiBr (55 wt%)

McC Activated/Activated carbon

Glucose (80%) & LA (4%) [

Cellulose conversion using LiBr at elevated temperatures demonstrated variable glucose yields
depending on the catalyst and conditions. Specifically, at 120 °C, Beta and ZSM-5 zeolites produced
28% glucose, whereas activated carbon at 110 °C yielded 80% glucose (Liang et al., 2024; Wu et al,,
2020). At higher temperatures (175 °C), the use of NbOPO,, Nb,Os, NbOPO,/HZSM-5, and HZSM-5
resulted in 85.1% levulinic acid (LA) and 5% 5-hydroxymethylfurfural (HMF) [59]. Romeo and co-
workers [17] developed an interesting green process to convert microcrystalline cellulose into bio-oil
and cellulose citrate using an open-air reaction, catalyzed by molten citric acid. The molten carboxylic
acid was able to penetrate into the less accessible areas of the cellulose by breaking the network of
intra and inter-molecular bonds and promoting the simultaneous hydrolysis into bio-oil and
esterification into cellulose citrate.

2.2. Mechanocatalytic Depolymerization of Cellulose

Mechanocatalytic depolymerization of cellulose combines mechanical energy, such as ball
milling, with catalytic action to break down cellulose into smaller molecules. This approach disrupts
the crystalline structure of cellulose, enhancing its reactivity while lowering energy requirements.
Solid acid catalysts, including sulfonated carbon materials (e.g., CMK-3-50;H) and perfluorinated
ionomers (e.g., Aquivion), significantly improve the efficiency of mechanocatalytic
depolymerization. This method is environmentally friendly, reducing the need for harsh chemicals
and extreme conditions. Key factors influencing its efficiency include milling speed, catalyst
properties, and moisture content [60,61]. Zirconia-based catalysts, such as sulfated zirconia, exhibit
high acidity, thermal stability, and resistance to deactivation, making them particularly effective for
enhancing hydrolysis efficiency. These catalysts can be used alone or in combination with other solid
acids to improve cellulose breakdown. In the study by Karam et al. a planetary ball mill (Retsch PM
100) equipped with a zirconia grinding bowl was employed [62]. Depending on the experiment,
zirconia, stainless steel, or tungsten carbide grinding balls with diameters of 2 mm, 3 mm, or 4 mm
were used. To ensure effective grinding, a 125 mL zirconium oxide bowl was used in combination
with twenty 10 mm balls made of the same zirconium oxide material as the bowl (see Figure 2) [62].
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Figure 2. Mechanocatalytic depolymerization of cellulose results in the formation of water-soluble oligomers
[62].
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Karam et al. subsequently removed the cellulose-milled catalyst mixture to evaluate the
solubility of all milled samples. The solubility measurement involved three distinct steps: dispersion,
filtration, and drying [62].

As shown in Table 3, the solubility data obtained from the study by Karam et al. demonstrated
that less than 5% solubility was achieved for microcrystalline cellulose (MCC) after 24 hours of ball
milling under non-catalytic conditions [62]. However, water solubility significantly increased when
unmodified MCC, treated in a planetary ball mill, was directly subjected to various solid acid
catalysts. This suggests that the inherent acidic properties of solid acid catalysts played a pivotal role
in disrupting the 3-1,4 glycosidic bonds of cellulose during the mechanical milling process [62].

Table 3. Mechanocatalytic depolymerization of cellulose in the presence of different solid acid catalysts.

Catalyst H-exchange capacity(mmol/g) Solubility (%)
Blank - <5
Aquivion PW98 1.0 90
SBA - SOsH 0.2 60
CMK-3-SOsH 0.7 87
Kaolinite - 50
Aquivion PW66 1.45 99
Aquivion PW79 1.26 32
Aquivion PW87 1.15 80

According to Table 3, high water solubility was achieved for MCC using the Aquivion PW98
catalyst, reaching approximately 90%, followed closely by the CMK-3-SO;H catalyst at about 87%. In
contrast, the SBA-SOsH catalyst yielded a lower water solubility of around 60%. Kaolinite was the
least effective catalyst, producing a product with only 50% water solubility [62]. Significant
differences in performance were observed among the Aquivion catalysts tested. Aquivion PW66
exhibited the highest solubility at approximately 99%, followed by PW98 at 90%, PW87 at 80%, and
PW?79 at 32%. Further investigations were conducted to explore the effect of ball milling duration and
the catalytic efficiency of Aquivion PW66 and PW98, as they were the most effective catalysts in the
initial water-soluble synthesis using MCC. The results showed that longer milling times considerably
enhanced water solubility, achieving 90% with Aquivion PW98 and an exceptional 99% with PW66
after 24 hours [62].

Table 4 provides detailed information on the grinding balls used in various applications
reported in the literature [63,61].

Table 4. Zirconia and other grinding balls with their properties.

Material Diameter (mm) Density (g/cm-?)
Zirconia 3 5.68
Stainless steel 2 7.8
Stainless steel 4 7.8
Tungsten carbide 3 15.63

The first report in the scientific literature on mechanocatalytic degradation of cellulose
demonstrates that effective depolymerization occurs when solid material is processed in a dry state.
In a study utilizing a high-energy shaker mill, the introduction of kaolinite, a clay mineral, yielded
high amounts of water-soluble products, including glucose, fructose, and anhydroglucose (levo-
glucose). This innovative approach highlights the potential of mechanochemical reactions for
synthesizing valuable sugars from cellulose [63]. In their study, Hick et al. proposed that ball milling
induces delamination of layered compounds, thereby exposing surface acid sites. Although the
authors did not provide detailed product distributions for the resulting monosaccharides and
oligomers, they suggested that the layered structure and acidity of the solid additive play crucial
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roles in the efficient mechanochemical degradation of cellulose [63]. Another promising approach
involves the use of layered HNbMoOg, known for its unique layered structure and high acidity,
which collectively enhance its catalytic efficiency in various applications [61]. Furusato et al.
demonstrated that HNbMoOg effectively catalyzes the mechanochemical depolymerization of
cellulose due to its strong acidity, favorable layered structure, and exceptional catalytic performance
in acid-catalyzed reactions such as hydrolysis, esterification, and dehydration. Notably, HNbMoOs
produced water-soluble sugars at a rate three times higher than kaolinite, achieving a high yield of
72% upon complete conversion within 24 hours. Table 5 presents the results reported by Furusato et
al. regarding the mechanocatalytic depolymerization of cellulose [61].

Table 5. Catalysts and products yield by mechanocatalytic process.>

Catalyst Products yield (%)

HNbMoOs 14
kaolinite 4

NiO 0.3

SnO:2 0.6

TiO:2 0.5

Nb20:s 0.9
H-Montmorillonite 3
USY zeolite 3
Mg-Al HT 0

2 Yields refer to reaction stopped after 4 hours.

All monometallic oxides tested, including NiO, SiO,, TiO,, and Nb;Os, showed no catalytic
activity. The two-dimensional material, acid-treated kaolinite, produced 4% water-soluble sugars,
while montmorillonite yielded 3%. Among the tested solid catalysts, the layered acid catalyst
HNbMoOg achieved a 14% yield of water-soluble sugars in a solvent-free reaction, outperforming
other solid catalysts. Conversely, the Mg-Al hydrotalcite catalyst was ineffective for this reaction. The
USY zeolite exhibited moderate activity, yielding 3%, comparable to montmorillonite [61]. The study
also revealed that the number of zirconia spheres used significantly influenced the total sugar yield.
When one or two zirconia spheres were used, the total sugar yield was below 1%, attributed to
inadequate collisions as the spheres primarily moved along the walls of the zirconia vessel. However,
increasing the number of spheres to more than four enhanced mechanical energy through more
frequent collisions, resulting in sugar yields of 12-14%. The highest water-soluble sugar yield of 72%
was achieved after 24 hours of grinding at 800 rpm and room temperature using layered HNbMoOs,
with a 99% cellulose conversion based on weight loss. This yield was notably higher than the 1%
yield obtained without a catalyst [61]. Yu et al. recently employed an acid-assisted mechanocatalytic
depolymerization technique to pretreat rice straw, leading to significant structural changes in
cellulose. Compared to untreated straw, the pretreated straw exhibited much smaller particle sizes
(from 279 to 11.8 um), reduced cellulose crystallinity (from 43.05% to 22.71%), a substantially larger
surface area (an increase of 177%), and 75% more surface oxygen relative to carbon [64]. Enzymatic
hydrolysis of the pretreated straw over 12 hours resulted in pronounced microstructural alterations,
yielding a total sugar amount exceeding 95%. This yield was significantly higher than that of
untreated straw (36.24%) and also surpassed the yields from acid-impregnated straw (45.20%) and
ball-milled straw (73.25%). Consequently, acid-assisted mechanocatalytic depolymerization proved
to be a highly effective pretreatment method, significantly enhancing enzymatic hydrolysis and
overall conversion efficiency of rice straw [64].


https://doi.org/10.20944/preprints202505.0673.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2025

3. Catalytic Depolymerization of Lignin

Lignocellulose is made up of different constituents such as lignin, hemicellulose, cellulose,
proteins and oils. Lignin comprises of phenylpropanoid units that is cross-linked via ether and
carbon-carbon bonds (see Figure 3). Historically, lignin was considered a low-value byproduct.
However, the lignin market, valued at approximately USD 836.8 million in 2023, is projected to grow
at a rate of 6% from 2024 to 2032. But only a small fraction (1-2%) of lignin is currently utilized. The
complex structure of lignin, rich in polyaromatic compounds, makes it an excellent precursor for the
production of high-value chemicals and materials [65]. Lignin adopts a helical configuration and is
polymerized from three distinct phenylpropane monomeric units: p-coumaryl alcohol (H), coniferyl
alcohol (G), and sinapyl alcohol (S) (see Figure 3). These phenolic monomers are interconnected
through ether and carbon-carbon (C-C) linkages. The primary linkages include ($-O-4, 4-O-5, 5-5, f3-
5, -1, and 3-p, with 3-O-4 being the most prevalent, constituting approximately 45% to 60% of the
total structure. In contrast, 3-5 and 5-5 linkages are the next most abundant, comprising 5% to 25% of
the structure. The effective depolymerization of lignin into its constituent phenolic monomers is
predominantly dependent on the selective cleavage of the 3-O-4 linkages [68].
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Figure 3. A segment of macromolecular lignin structure with its H, G, and S moieties. The figure referred from
[68].

Lignin valorization into value-added products has gained significant attention. However, due
to its complex structure, the depolymerization of lignin requires high energy (approximately 500 °C)
and high pressure (approximately 200 bar). In comparison, catalytic depolymerization of lignin offers
a more promising approach, as it facilitates the breakdown of the polymeric rings into smaller
fractions under milder conditions [69,70].

3.1. Challenges and Opportunities

Lignin, a complex and recalcitrant biopolymer, is a major component of plant cell walls and
represents a significant source of renewable aromatic compounds. The heterogeneity and irregular
structure of lignin, resulting from the random polymerization of phenylpropanoid units, complicates
selective bond cleavage [71]. Various C-C and C-O linkages require highly specific catalytic
strategies, rendering the process energy-intensive and inefficient [72]. Moreover, structural variations
among lignin types, such as: softwood, hardwood, and grass lignin, necessitate tailored
depolymerization approaches, further complicating large-scale processing [73]. Despite these
challenges, recent advancements offer promising opportunities for efficient lignin depolymerization.
Catalytic hydrogenolysis, oxidative depolymerization, and biocatalytic methods are among the most
extensively studied techniques [71]. Metal-based catalysts, including those containing Ru, Pd, or Ni,
have demonstrated the potential to break down lignin into valuable monomers with high selectivity
[74]. Additionally, engineered microbial pathways and enzyme-based strategies are gaining attention
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due to their potential to enable mild and sustainable lignin valorization [72]. Advances in solvent-
based fractionation techniques, such as deep eutectic solvents and ionic liquids, also present
promising solutions to enhance lignin solubility and reactivity [75]. The integration of lignin
depolymerization processes into existing biorefineries is essential for developing a sustainable
bioeconomy. Future research should focus on optimizing catalysts, developing scalable
biotechnological methods, and enhancing process economics to make lignin valorization
commercially viable. Overcoming these challenges could position lignin as a valuable feedstock for
bio-based chemicals, materials, and fuels, thus supporting a circular bioeconomy [71,74].

3.1.1. Homogeneous-Acid Catalysis

Strong acids, such as hydrochloric acid, sulfuric acid, p-toluenesulfonic acid, and phosphoric
acid, are commonly employed in homogeneous lignin depolymerization (see Figure 4) [76].
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Figure 4. Typical reaction mechanism of lignin under acidic conditions. (a) Self-condensation between lignin

molecules; (b) reaction between lignin and phenol [76].

These acids are effective due to their ability to attack ether bonds in lignin, facilitating the
cleavage of linkages such as 3-O-4 and 4-O-5 through various mechanisms, ultimately leading to the
formation of phenolic compounds [77]. The protonation of the ether oxygen also leads to the
formation of carbocations, which undergo rearrangements, yielding a complex mixture of products.
The efficiency of acid-catalyzed lignin depolymerization is influenced by several factors, including
temperature, catalyst concentration, reaction duration, and solvent choice, all of which significantly
affect product distribution [70]. Higher acid concentrations enhance the reaction rate by increasing
the rate of protonation and nucleophilic attacks. Elevated temperatures reduce activation energy,
thereby promoting faster depolymerization rates. However, higher temperatures also increase the
likelihood of side reactions, leading to undesired byproducts. Longer reaction durations ensure the
comprehensive breakdown of lignin’s complex structure but may also enhance the formation of
secondary products. While strong acid catalysis is effective in achieving high depolymerization rates,
optimizing the reaction parameters is crucial to maximizing yield and selectivity while minimizing
side reactions [78]. Homogeneous acid catalysts are highly active and efficiently depolymerize the
complex lignin structure at relatively low cost [79]. However, several limitations hinder their practical
application. One major drawback is their low selectivity, which leads to the formation of complex
mixtures of byproducts, including phenolic monomers, dimers, oligomers, and various other
degradation products. Additionally, the process often requires harsh reaction conditions and
involves the use of toxic chemicals, complicating catalyst recovery and increasing purification costs.
These factors pose challenges to achieving a sustainable and eco-friendly lignin valorization
approach [70]. Moreover, the use of strong acids results in corrosive environments, necessitating
specialized equipment and safety measures to mitigate corrosion-related issues. These limitations
underscore the challenges associated with homogeneous acid catalysis in lignin depolymerization
[70].
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3.1.2. Homogeneous- Base Catalysis

Base-catalyzed depolymerization is a commonly used method for extracting phenolic monomers
from lignin. This process employs various bases, including calcium hydroxide (Ca(OH).), sodium
hydroxide (NaOH), potassium hydroxide (KOH), and organic bases such as tetramethylammonium
hydroxide [80,81]. In this method, the base catalyst provides hydroxyl ions (-OH-), which initiate
depolymerization by attacking the phenolic hydroxyl group (-CsHsOH), leading to the removal of a
proton (-H*) and the formation of a negatively charged phenoxide ion (-CsHsO"). This phenoxide ion
subsequently attacks the (3-carbon in the ether linkage, forming a new bond with the phenoxide
oxygen. This reaction results in the production of aromatic aldehydes and ketones [82]. Base-
catalyzed depolymerization is considered one of the most promising methods due to its high catalytic
efficiency at relatively low temperatures. However, it also has certain limitations. Notably, the choice
of solvent is critical in base-catalyzed lignin depolymerization, as solvent selectivity significantly
influences reaction outcomes. For example, conducting depolymerization in water with a low
concentration of base catalyst typically results in minimal depolymerization, occasionally yielding
negligible amounts of depolymerized products. This indicates that an aqueous medium is not
suitable for facilitating this reaction [83,84]. In a recent work by Bijoy Biswas and co-workers [85] an
interesting depolymerization of alkali lignin into phenolic chemicals was developed using a solid
base catalysis. Different catalysts were tested, such as: CaO/CeO2, CaO/AL:Os, and CaO/ZrOz. At a
process temperature of 180 °C, a screening of different solvents was performed. Ethanol and
methanol gave a bio-oil yield of 50%, over CaO/CeO: and CaO/ZrO: catalysts. Vanillin was identified
as the major component of the bio-oil after the catalytic liquefaction step, and the authors attributed
this to the action of the basic catalyst enhancing the p-O-4 cleavage producing both an increase in the
bio-oil yield and an increase in the vanillin yield, how schematized in the following Scheme 2.

HO
O o OH Dehydration o~ ~
R
OH
HO OH HO
Vanillin
SOLVENT - H*

Scheme 2. Lignin 3-O-4 cleavage into vanillin assisted by base catalysis [85].

3.1.2.1. Combined Acid-Base Catalysis

Interestingly, in the recent years the combination of acid and base was proved to be efficient for
lignin depolymerization. Xia Zhang and co-workers [86] recently developed an interesting procedure
for the depolymerization of Kraft lignin into liquid fuels over a WOs modified acid-base coupled
hydrogenation catalyst. In this kind of processes, the activation of C-C and C-O bonds together with
the stabilization of the produced intermediates is essential for the efficiency of the system. In this
study, The Lewis acid sites WOxand TiOz2in combination with the base sites MgO were proved to be
efficient for the adsorption, stabilization, polarization and activation of the C-O and C-C lignin bonds.
NiO sites are instead essential for the stabilization of reaction intermediates through the activation of
molecular Hz. Selective hydrodeoxygenation, at 300 °C for 24 hours furnished 63.03% of petroleum
ether solubles and 21.56% of monophenol. This study opens new perspectives toward the
development of mild, sustainable and efficient conversion of lignin.
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3.1.3. Homogeneous- Metal Catalysis

The most commonly used catalysts in lignin depolymerization are metal catalysts due to their
diversity, design flexibility, and outstanding catalytic efficiency. Various metals have been utilized,
including transition metals, noble metals, and bimetallic catalysts, such as ruthenium (Ru), palladium
(Pd), platinum (Pt), copper (Cu), nickel (Ni), and iron (Fe) [87,88,89]. Metal catalysts facilitate the
hydrogenolysis reaction and activate hydrogen (H), leading to the formation of aromatic monomers.
They promote the cleavage of C—O and C—C bonds in lignin through multiple mechanisms, including
hydrogenolysis, oxidation, and solvolysis:

Hydrogenolysis involves the cleavage of bonds by the addition of hydrogen (H,), resulting in
the formation of smaller molecules.

Oxidation entails the removal of electrons from a molecule, leading to the formation of carbonyl
groups (C=0) and other oxidized byproducts.

Solvolysis involves the cleavage of bonds through reaction with a solvent, producing smaller
molecular fragments.

These mechanisms underscore the versatility and effectiveness of metal catalysts in lignin
depolymerization [90]. Ligands attached to transition metal catalysts can significantly modify their
catalytic properties by influencing electronic and steric effects. The efficiency of transition metal
catalysts in lignin depolymerization varies due to several factors, including temperature, pressure,
and solvent choice, all of which can impact reaction rate and product selectivity [91]. Metal catalysts
offer several advantages, such as high activity and selectivity for specific products. They can operate
under mild reaction conditions and can be supported on various material surfaces, facilitating easy
recovery and reuse. However, metal catalysts also have certain limitations. Their primary drawbacks
include high cost and the requirement for elevated temperatures and activation pressure to achieve
effective depolymerization. Despite these challenges, their high efficiency and selectivity make them
valuable for lignin valorization [92]. Florian Walch and co-workers [93] discovered an efficient
technology for the oxidative depolymerization of Kraft lignin into aromatics compounds using
homogenous vanadium-copper catalyst. The authors used molecular oxygen to produce aromatic
compound monomers such as vanillin, vanillic acid and acetovanillone. The overall bio-oil yiled
reached 50% under optimized reaction conditions with a yield in aromatic compounds of 27%. The
representative scheme of the process is depicted in the following Scheme 3.

OH

VO(acac),/Cu(OAc), 5 0 o o
Kraft Lignin
OH

5 bar Oy, 150 °C OH

Vanillic acid Vanillin

and others
Scheme 3. Oxidative lignin depolymerization into aromatic compounds [93].

In a similar work Omar Y. Abdelaziz and co-workers [94] developed an oxidative kraft linin
depolymerization using bimetallic V-Cu/ZrO:2 catalysts. This zirconia-supported vanadium-copper
catalysts was proved to be efficient for the conversion of softwood LignoBoost Kraft lignin (LB), with
a maximum monomer yield of 9% weight and a maximum selectivity in vanillin of 59%. Copper and
vanadium were confirmed promising homogeneous catalysts for this kind of applications.

3.1.4. Heterogeneous — Solid acid Catalysis

Heterogeneous solid acid catalysis, including sulfonates, metal oxides, zeolites, heteropoly
acids, and phosphates, is widely used for lignin depolymerization. These catalysts promote the
cleavage of C—O bonds in lignin, leading to the formation of phenolic compounds [95,96,97]. The solid
acid catalyst provides a proton (H*) to facilitate the reaction. The reaction mechanism begins with the
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protonation of oxygen in the ether bond (Lignin—O-R), increasing the bond’s susceptibility to
cleavage. The C-O bond then breaks, transferring the proton to the oxygen and forming a hydroxyl
group (-OH). This process yields two products: a phenolic compound or phenolic hydroxyl group
(Lignin—-OH) and a carbocation (R*). If R is an alkyl group, it forms an alkyl carbocation, whereas if R
is aryl, it forms a protonated aromatic compound. These reactive intermediates can undergo further
transformations depending on the reaction conditions, potentially leading to alcohol formation (R—-
OH) when reacting with water molecules. They may also participate in rearrangements or other
secondary reactions [98, 99]. A key advantage of solid acid catalysts is their regenerability; the H* ion
is released post-reaction, allowing the catalyst to catalyze successive cycles. This enhances their
economic and environmental sustainability [100]. A prevalent linkage in lignin is the 3-O-4 ether
linkage. Its cleavage generates aromatic groups (Ar), and the resulting carbocation intermediates (R*
or CH,=Ar") are highly reactive, leading to a variety of products. This underscores the potential of
solid acid catalysts for efficient lignin depolymerization [101] . One of the most interesting
challenges in this area is selective depolymerization. Catalysis plays a key role in this direction.
Hongwei Ma et al. described an in-depth investigation of lignin depolymerization catalyzed by nickel
supported on zirconium phosphate [102]. Starting from the organosolv lignin via non-noble metallic
nickel supported on zirconium phosphate (Ni/ZrP), they achieved about 87% lignin conversion and
less than 5% char formation, using 15%Ni/ZrP-2.0 at 260 °C for 4 hours. Furthermore, the yield of
phenolic monomers was demonstrated to be about 15% at a hydrogen pressure of 2 MPa. A
considerable yield of para ethyl phenol was obtained demonstrating the great potential of this
technique also in the future perspective.

In another recent work Zhuang Li and co-workers [103] developed a hydrogen-free strategy
using solid acid catalysis to selective depolymerization of lignin into guaiacol. The authors
hypothesized, supported by experimental evidence, the breaking of the Ca-Ca and Cp-O bonds. In a
90% aqueous methanol solution, a guaiacol yield of 18.2% was demonstrated. The mechanism was
hypothesized by combining experimental evidence with density functional theory. The authors
highlighted how there is an interesting action of water, which promotes the decomposition of
methanol to produce more reactive hydrogen species, thus favoring the Car-Ca bond cleavage.

3.1.5. Heterogeneous — Metal-supported Catalysis

Metal-supported catalysts are composed of metal nanoparticles deposited on various catalytic
supports. This design enhances dispersibility and modifies the physicochemical properties of the
catalyst, thereby optimizing its catalytic potential. Several physical and chemical attributes, including
high surface area, variable valencies, tunable acidity and basicity, structured porosity, topological
arrangement, and exceptional thermal stability, contribute to their effectiveness. Additionally, their
sustainability and cost-efficiency make them highly suitable for lignin depolymerization. Common
catalytic supports include silica (Si), activated carbon (C), alumina, and zeolites [104]. These metal-
supported catalysts exhibit high activity and stability, facilitating the hydrogenolysis of lignin. This
process effectively breaks down the complex polymer, leading to the formation of aromatic
monomers. The general reaction for lignin hydrogenolysis using metal-supported catalysts is
represented as follows:

Lignin + Hydrogen (Hz2) — Smaller molecules (e.g. aromatic monomers)

The mechanism of lignin hydrogenolysis using metal-supported catalysts involves the
adsorption of both lignin and hydrogen molecules on the catalyst's surface. The nano-sized metal
activates the hydrogen molecules, enhancing their reactivity. These activated hydrogen molecules
facilitate the cleavage of C-O and C-C bonds within lignin, resulting in the formation of smaller
molecular fragments. These smaller molecules subsequently desorb from the catalyst surface,
regenerating the catalyst for subsequent reaction cycles [105]. The efficiency of lignin hydrogenolysis
using metal-supported catalysts is influenced by several factors. The type of metal is crucial, as
different metals exhibit varying catalytic activities and selectivities for specific bond cleavages. The
concentration of nano-sized metal on the support directly affects the reaction rate and selectivity,
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making the decoration and distribution of metal on the support critical. The support material itself
significantly impacts the dispersion of metal nanoparticles and the overall catalytic activity. An inert
support is essential to avoid unwanted side reactions. Additionally, reaction conditions such as
temperature, pressure, and reaction time can significantly influence the efficiency and product
distribution of lignin hydrogenolysis [106]. Overall, metal-supported catalysts offer a large surface
area for reactions, leading to high catalytic activity. The support material also stabilizes metal
nanoparticles, preventing agglomeration and preserving catalytic activity over multiple cycles. This
stability, combined with the recoverability and reusability of metal-supported catalysts, enhances
their cost-effectiveness for lignin depolymerization [107,108]. Bijoy Biswas and colleagues [109]
recently developed an interesting method for the catalytic depolymerization of lignin into phenolic
monomers using cobalt-supported calcium catalysis. Different reaction parameters were evaluated
such as time, solvent, temperature and catalysts loading. The optimal performance was obtained in
methanol with a final yield in bio-oil of 60.2 % weight at 160 °C for 60 min and a catalyst loading
Co/CaO of 10% weight. Interestingly, this catalysis improves not only the bio-oil yield but also the
selectivity in vanillin production with a value of 58.7%. In another work, Yanfang Zhu and co-
workers [110] investigated the effect of reaction parameters on lignin depolymerization catalyzed by
metal supported hydrotalcite. The catalytic pyrolysis without catalysis was conducted at 500 °C, to
obtain a bio-oil yield of 32.4 % weight after 60 minutes. When cobalt supported hydrotalcite catalyst
(Co/MgAl204) was introduced, the yield reached 47.4% in weight. The presence of a selectivity
towards G-types phenolic monomer was the demonstration of the catalyst activity towards
breakdown of the lignin ether bond (C-O-C).

Lignin-first approach is a known method that solubilize lignin from lignocellulosic biomass
through the stabilization of the intermediates that can be accomplished by solvolysis, catalysis or by
protecting group chemistry [111] . Shihao Su and co-workers [112] developed an interesting
procedure for the lignin-first depolymerization of lignin into monophenols, catalyzed by Carbon
Nanotube-Supported Ruthenium. Lignin hydrogenolisis into aromatic monomers was proved to be
correlated to lignin source. The yield decrease from hardwoods to softwoods probably due to side
condensations. The recycling of the catalyst has given excellent results confirming that this study
can open new horizons in the field of lignin conversion into chemical compounds and added value.

3.1.6. Enzyme Catalysis

Enzyme catalysis plays a pivotal role in lignin depolymerization, providing a sustainable and
environmentally friendly alternative for breaking down this complex polymer. Unlike conventional
chemical methods, enzymatic depolymerization occurs under ambient temperature and neutral pH
conditions, utilizing biocatalysts derived from renewable resources. This process frequently employs
oxygen or hydrogen peroxide as oxidants, often producing water as a byproduct, thus aligning with
the principles of green chemistry. Laccases and peroxidases are the most commonly used enzymes
for lignin depolymerization due to their high specificity in targeting specific bonds within the lignin
structure [118]. Laccases mainly target phenolic subunits and ether linkages, whereas peroxidases
can also break down non-phenolic linkages, expanding the range of lignin structures that can be
effectively depolymerized [113].

Due to lignin's heterogeneous structure, it is challenging to define precise chemical equations
for its depolymerization using enzymes. The reaction pathways are influenced by the specific enzyme
employed (e.g., laccase, peroxidase) and the presence of mediators. Enzymes can synergistically
combine biological and chemical processes to convert lignin into valuable products [114]. Huan
Zhang and co-workers [115] described in a recent study a methodology for lignin depolymerization
using mediator-enzyme catalysis. They used different ketones as a lignin model and experimented
on them the C-C oxidation in analogy to 3-O-4 lignin bonds. Novozym 435 was used as the catalys
for the C-C oxidation, while hydrogen peroxide was the oxidant in ethyl acetate solvent. Excellent
results were obtained using different model compunds and the reaction scheme is depicted in the
following Scheme 4.
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Scheme 4. Depolymerization of lignin model compounds depolymerized by Mediator-Enzyme System [115].

In another work Justine Dillies and Colleagues reported a strategy for industrial lignin
depolymerization (organosolvlignin, Kraft lignin, and sodium lignosulfonate) by laccase in a solvent
mixture composed by 1,4-dioxane/water [116]. Laccase from T. versicolor was used, while 1,4 dioxane
was used at 25% to improve the solubility of lignin in the reaction medium. Excellent performance
was obtained at 50 °C with activity remaining even after several days. Future studies will focus on
the type of products obtained through these techniques with in-depth characterizations.

Advantages of Enzyme Catalysis

Mild Reaction Conditions: Enzymatic depolymerization occurs at ambient temperature and
neutral pH, reducing energy requirements.

Specificity and Selectivity: High specificity minimizes unwanted side reactions, yielding a more
controlled product distribution compared to chemical methods.

Environmental Friendliness: It avoids the use of harsh chemicals and produces minimal waste,
supporting sustainable practices [117].

Challenges and Limitations

Despite its advantages, enzyme catalysis faces several challenges:

Sensitivity to Reaction Conditions: Enzymes are sensitive to temperature, pH, and the presence
of inhibitors, necessitating careful control of reaction conditions.

Limited Lignin Accessibility: The complex structure of lignin can hinder enzyme accessibility,
reducing depolymerization efficiency.

Cost and Production Efficiency: The high cost of enzyme production impacts the economic
viability of the process [118].

Strategies for Improvement

To overcome these challenges, research is focused on:

Engineering more efficient enzymes with enhanced stability and activity.

Developing cost-effective production methods.

Implementing pretreatment strategies to improve lignin accessibility [118].

By addressing these limitations, enzyme catalysis holds significant potential for sustainable
lignin valorization, paving the way for bio-based chemicals and materials within a circular
bioeconomy.

4. Catalytic Depolymerization of Plastics
4.1. Depolymerization of Polyester Plastics

Polyester plastics are among the most widely used plastics due to their ester bonds (-C=0-OR),
which provide several advantageous properties, including processability, versatility, ease of
production, resistance to chemical and bacterial agents, and a high rate of recyclability. Current
research focuses on developing innovative strategies to obtain starting monomers suitable for
producing new plastics that retain their original structural properties [119,120,121].

In a recent study, Yu-Ji Luo et al. [122] proposed a closed-loop process for the depolymerization
of polyesters into reusable monomers. This method utilizes trifluoromethanesulfonic acid or metal
triflates as recyclable catalysts in combination with a carboxylic acid and water (Figure 5).
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Figure 5. A schematic representation of the reaction process starting from PET [122].

Before optimizing the reaction, the homogeneous acidolysis of 4-chlorobenzoate using various
Lewis and Brensted acid catalysts with acetic acid was investigated. Water was found to play a crucial
role in this reaction. Specifically, the authors reported an initial yield of 49% within 5 minutes using
15 mol/mol of trifluoromethanesulfonic acid (TfOH) at 180 °C, which increased to 78% in 5 minutes
upon adding 0.9 wt% of water. The effectiveness of Lewis acids was also positively evaluated. For
instance, when 15% of hafnium trifluoromethanesulfonate (Hf(OTf)s) was used, the reaction yield
reached 90%. These findings were then applied to the acidolysis depolymerization of PET as a model
substrate, yielding recycled terephthalic acid (rTPA) and glycol diacetate (EGDA) as the primary
products. The most significant results are summarized in Table 6.

Table 6. Reaction optimization for the acidolysis depolymerization of PET. [2}

o
. Oy__OH
o Metal triflate
o o or Bronsted )o]\
* acid + ~_O~_R
I H3cJ\0H — R0 hig
n

H,0 o
PET 0”7 “oH

Catalyst T (°C) Ceat (M) Crz0 (M) Yield (%)
Hf(OTf)s 180 0.25 0 60
Hf(OTf)4 180 0.25 0.5 72
Fe(OTf)s 180 0.25 05 64
Al(OTf)s 180 0.25 0.5 60

TfOH 180 0.25 0.5 98

TNH 180 0.25 0.5 58

[a] Reactions conditions: 0.5 mmol PET was put in 0.2 mL of Cat./H20/AcOH solution in a capped vial at 180 °C

for 40 min.

The reaction using Hf(OTf)s without added water yielded a satisfactory 60%, which increased to
72% with the addition of 0.5 M of water. In contrast, when other Lewis acidic transition metals, such
as iron and aluminum triflates, were used under the same conditions, the yield decreased to 64% and
60%, respectively. Excellent results were also obtained with Brensted acids. Specifically, using
trifluoromethanesulfonic acid under the same conditions resulted in a yield of 98%, whereas the yield
dropped to 58% when trifluoromethanesulfonimide was used as the catalyst. Figure 6 illustrates the
recycling efficiency of the Lewis acid [Fe(OTf)s] and Brensted acid (TfOH) catalysts used in this study,
shown as a function of the yield percentage of recycled terephthalic acid (rTPA).
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Figure 6. A schematic representation of the reaction process starting from PET [122].

As shown in Figure 6, the recycling of the catalytic system achieved recycled terephthalic acid
yields of 90% after three cycles. These promising results pave the way for future studies in this field.
In a study by Shinji Tanaka and co-workers [123], an innovative strategy for the depolymerization of
polyester fibers was developed using dimethyl carbonate-aided methanolysis. Global fabric
production is estimated at approximately 60 million tons per year, with polyethylene terephthalate
being the predominant material used across various industries, including clothing and home
furnishings [124,125]. This study focused on recycling polyester fibers primarily composed of
polyethylene terephthalate. By employing methanolysis with dimethyl carbonate as a trapping
reagent for ethylene glycol, the researchers achieved a low-temperature, efficient, and rapid
depolymerization process. This method produced dimethyl terephthalate (DMT) with yields
exceeding 90%. DMT, the diester form of terephthalic acid, is widely used in the production of
recycled polyethylene terephthalate [126]. Conventionally, the methanolysis reaction is an
equilibrium process that is challenging to perform under mild conditions. Scheme 5 illustrates the
mechanistic pathways of the dimethyl carbonate-aided methanolysis process.
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Scheme 5. Mechanism relative to the overall process divided in 3 reactions (A, B and C) [123].

Methanolysis is a substitution reaction in which the alcoholic portion of an ester is replaced by
methanol, as illustrated in Scheme 2 for the reaction of PET (A). This reaction is a reversible
equilibrium because the leaving group, ethylene glycol, can react with the newly formed methyl ester.
In this process, the addition of dimethyl carbonate enables the trapping of the produced ethylene
glycol as ethyl carbonate, thereby shifting the equilibrium to the right, as shown in Scheme 2 (B).
Consequently, the depolymerization of PET is driven towards product formation, as depicted in
Scheme 1 (C). Table 7 summarizes the key results from the optimization of the reaction conditions,
aiming to identify the most critical parameters in the development of this method.

Table 7. Reaction optimization for the dimethyl carbonate-aided methanolysis depolymerization of PET. [2:

Catalyst DMC (mL) MeOH (mL) DMT (%) EC (%)
LiOMe 1.5 0.2 83 70
KOMe 1.5 0.2 95 93

NaOMe 1.5 0.2 95 86

NaOMe [®! 1.5 0.2 93 92

NaOMe 1 0.13 98 67

NaOMe 0.5 0.065 93 60

[a] PET textile (100 mg), catalyst (5 mol % based on the PET alternating unit), DMC (1.5 mL), MeOH (0.2 mL), 50
°C, and 2 h. Abbreviations. DMC: dimethyl carbonate, DMT: dimethyl terephthalate, EC: ethylene carbonate. [b]

Reaction time: 1 hour.

As shown in Table 7, NaOMe and KOMe exhibited higher catalytic activity compared to LiOMe,
achieving yields of 95% versus 83%. Notably, NaOMe provided satisfactory yields even with a
shorter reaction time of 1 hour. Excellent results were also obtained using lower amounts of DMC
and MeOH with a reaction time of 2 hours.

In a recent study, Xiaoshen Bai et al. [127] reported a solvent-free depolymerization of PET into
dimethyl terephthalate (DMT) and ethylene glycol (EG) using heterogeneous catalysis, specifically
through plastic-catalyst interfacial engineering. During reaction optimization, various metal acetates
were screened for the depolymerization of PET microparticles sourced from plastic bottles. The
experiments were conducted in closed vials with methanol at 100 °C for two hours. After testing
several metal acetates, including MnAc,, CoAc;, NiAc,, CuAc,, ZnAc,, and PbAc;, a volcano-type
activity plot was obtained [128]. Zinc acetate showed the most promising results after lead acetate,
which was excluded due to toxicity concerns. SEM and TEM morphological studies suggested that
the ZnAc,/MeOH interaction induces methanolysis of zinc acetate. This hypothesis was supported
by the observation of zinc oxide nanocrystals on the plastic surface, likely acting as catalysts in the
PET methanolysis process. The authors proposed that the significant catalytic activity at 140-200 °C
is mainly due to ZnO,, while below 140 °C, the catalytic effect is attributed to ZnAc,. Notably,
experiments using methanol vapor instead of liquid methanol demonstrated a solid-solid interaction
between PET and zinc oxide at the interface, persisting until complete PET degradation due to the
absence of interfering liquid solvent molecules. At 160 °C and after two hours, PET conversion was
nearly quantitative in both ZnOAc with liquid methanol and in ethanol with ZnO vapors. This study
presents new prospects for solvent-free depolymerization techniques for plastics. In another work
Tong Chang and co-workers [129], reported the interesting catalytic activity of double metal cyanide
complex (DMC), as heterogenous catalyst for polyester depolymerization into monomers and
chemicals. Poly(ethylene terephthalate) (PET) was used as the reference plastic, and the most
important reaction parameters including the amount of ethylene glycol and the catalyst loading were
investigated. In the following figure 7 was reported a schematic representation of the double metal
cyanide (DMC) complex catalyst used in this study.
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Figure 7. A schematic representation of the double metal cyanide (DMC) complex catalyst [129].

4.2. Depolymerization of Polyamides

Polyamides, notably Nylon 6,6 and Nylon 6, are widely used in the textile, automotive,
construction, and medical industries, with substantial global market demand [130]. Derived from
petroleum-based sources, these materials exhibit high resistance to biodegradation and general
decomposition [131].

Common disposal methods include incineration and mechanical recycling, although the latter
often results in the loss of the original material properties [132]. In contrast, catalytic chemical
depolymerization is emerging as an effective strategy to recover the initial monomers. In a recent
study, Wei Zhou and co-workers [133] developed a catalytic hydrogenative depolymerization
method for polyamide 66 using a Ru pincer complex, as illustrated in Scheme 6.

Scheme 6. Ru pincer complex used to depolymerize low molecular weight polyamide [133]. .

The authors began optimizing the catalytic system using low molecular weight polyamide 66
(Mw = 8240 g mol™!; amine end groups = 1748 mmol kg!). The results are summarized in Table 8.

Table 8. Reaction optimization for the depolymerization of low molecular weight polyamide 66 using Ru pincer

complex. [k

o o ] Ru pincer complex HZN\/\/\/\NHZ
i’\)\ KOtBu .
N N —_—
4 H H HO
n H, OH
T (°O) P (H») Bar Yield (%) Diamine Yield (%) Diol
150 70 12 <5
180 100 60 35
200 100 78 62
200 80 70 47

[a] Low-molecular weight polyamide (0.3 g, 1.25 mmol according to the repeating unit of polyamide 66), Ru
pincer complex as catalyst (0.01 mmol), KOtBu (0.04 mmol), THF (5 mL).

As shown in Table 8, high temperature is crucial for catalyst activation, with the highest yields
achieved at 200 °C. Hydrogen pressure is also a key factor, with the best results obtained at 100 bar.
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Lower pressures led to reduced yields of diamine and diol. After optimizing the reaction conditions,
the method was applied to Ultramid® A 27, a commercial high molecular weight polyamide, yielding
diamine and diol at 19% and 18%, respectively. Robin Coeck et al. [134] developed a green and
sustainable method for Nylon 66 depolymerization using transamidation with a short primary
amide, catalyzed by Nb,Os and assisted by NH3. Acetamide was chosen as the model amide due to
its bio-derived and biodegradable properties [135]. In this process, ammonia promotes polymer
cleavage through ammonolysis. The reaction scheme is shown in Figure 8.

H
H3C\n/N\/\/\/\”J\CH3

‘ea/\/ *
szos NH, H 2
HsC N\/\/\/\NMNW
i )

(0] (0]

Figure 8. Reaction scheme for the depolymerization of polyamides (Nylon 66) [134].

At 225 °C and a reaction time of 16 hours, Nylon 66 was fully depolymerized into monomers
and dimers with yields of 94% and 5%, respectively. At a maximum concentration of 12.5 wt% Nylon
66 in acetamide, valuable monomers such as N,N’-hexamethylene bis(acetamide) and adipamide
were obtained, which are suitable for various applications. In another work Kousuke Tsuchiya and
co-workers [136] have developed a method both in the direction of polymerization and subsequent
depolymerization of semiaromatic polyamide by enzymes. The awareness of the problem of waste
has led today to develop not only research aimed only at the production of new high-performance
and efficient materials, but also at the eventual disposal process. Polyamides consisting of 4-amino-
3-hydroxybenzoic acid and peptide moieties were enzymatically synthesized by papain-catalyzed
polymerization in aqueous media, and the same underwent selective degradation into their
corresponding monomers when treated with proteinase K, the process is represented in the following

Scheme 7.
7 H
HO. Ot [Enzymatic \)I\
o) H/\n/ polymerlzatlon N/\"/
SOH
R1

Monomer Enzymatic
recovery polymerization
0]
HO. OEt
i Y
NN
:H
Ry

Scheme 7. Chemoenzymatic Polymerization/Depolymerization of Semiaromatic Polyamides [136].

Another application of a solid acid catalyst for polyamides depolymerization was developed by
Yang Liu at al. [137] This was the first report on a sulfonated Fe-MOF catalyst for the polyamide 6
depolymerization into water soluble products. 100% conversion was achieved at 250 °C after only 1
hour. The subsequent characterization step was able to demonstrate by LC-MS the presence of
caprolactam and its oligomers as the main products. Even a selectivity of 90% in caprolactam was
declared at a process temperature of 250 °C after 5 hours. These studies demonstrate how from widely
used materials it is possible to obtain reusable monomers in a sustainable way.

4.3. Depolymerization of Polyurethanes

Polyurethanes are a versatile class of materials known for their unique properties [138]. They
are typically synthesized through the reaction of diisocyanates (or polyisocyanates) with diols (or
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polyols), forming urethane bonds (R-O-C=0O-NH-R), with catalysis playing a crucial role in this
process [139]. Recent research has focused on replacing fossil-based reagents with sustainable
resources to produce bio-based polyurethanes [140]. These materials exhibit high resistance and
stability against environmental and biological agents [141]. Aromatic polyurethanes are among the
most common due to their high stability, which makes them suitable for various applications [142].
However, their low eco-compatibility poses significant environmental challenges throughout their
production and application phases [143].

Viktoriia Zubar and co-workers [144] discovered an innovative hydrogenative
depolymerization method for aromatic polyurethanes using a manganese pincer complex (shown in
Scheme 8), combined with high temperatures and suitable solvents. This approach enabled the
efficient recovery of aromatic diamines and corresponding polyols in excellent yields.

Br
7\ —_Ph
- \\P\
N [ = ~Ph
Z N~ | ~~co
™
co

Scheme 8. Mn pincer complex used to depolymerize polyurethanes [144].

Figure 9 shows three examples of different polyurethanes along with the corresponding
optimized reaction conditions.

H
N O<_ Mn complex (0.03 mmol)
NH,
A KOtBu (0.06 mmol)
>

o
H, (60 bar),
HN\H/O\ Toluene (3 mL) NH,
150 °C, 24 h
o 87 %
H H Mn complex (0.04 mmol)
N\H/N\ KOtBu (0.08 mmol) NH,
% H, (60 bar),
H
HN N Toluene (4 mL) NH,
\ﬂ/ 170 °C, 24 h
le) 74 %
Ph Mn complex (0.04 mmol)
| KOtBu (0.08 mmol) NH,
N >
) H, (60 bar), @
pr NNy Toluene (3 mL)
170 °C, 24 h 8%

Figure 9. Catalytic depolymerization of three different polyurethanes (A, B, C) with the relative optimized
reaction conditions and isolated yield.

In the same study, the authors applied the optimized reaction conditions to commercial
polyurethanes, in addition to the self-made samples shown in Figure 9 (A, B and C). This was done
to assess whether additives like colorants and thickeners would affect the process yield. Surprisingly,
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depolymerization was achieved with conversion rates ranging from 66% to 100%, demonstrating the
robustness of the method.

4.4. Depolymerization of Polyethers

Polyethers are widely used due to their excellent chemical and physical properties, including
low-temperature flexibility and resistance to heat and oils [145]. They serve as key reagents in
polymer production, driving the continuous pursuit of innovative and eco-friendly synthetic
strategies [146]. Significant progress has also been made in polyether depolymerization and
recycling, including approaches like ring-closing metathesis reactions [147]. In a study by N.
Ansmann et al. [148], the mechanism of silicon-catalyzed C-O bond ring-closing metathesis of
polyethers was explored. A second-generation silicon Lewis superacid was identified as an optimal
catalyst for this reaction, as shown in Scheme 9.

Scheme 9. Lewis superacid bis(perchlorocatecholato)silane as a catalyst for C-O bond metathesis of polyethers
[148].

The mechanism was clarified through DFT computational studies, revealing that the catalyst's
low tendency for chelation and deactivation by polyethers, such as polyethylene glycol, is a key
advantage. In contrast, other Lewis acids like Fe(OTf); and AICl; exhibited mono-, bi-, and tridentate
binding with diglyme, adversely affecting product conversion.

Figure 10 illustrates the reaction scheme starting from 1,5-dimethoxypentane (Figure 10A) or
polyethylene glycol/polypropylene glycol (Figure 10B), along with the corresponding optimized
reaction conditions.

O

O
5 mol% catalyst
OO > Y »
oDCB, 115°C, 18 hs
- MeZO
100 %

' o 5-10 mol% catalyst -
n >

CD,Cl, or oDCB, 60-115 °C, 20 hs
- M620

up to 100 %

Figure 10. Reaction scheme of the Lewis acid catalyzed selective degradation of 1,5-dimethoxypentane (A) and
selective ring closing C-O bond metathesis of polyethylene glycol and polypropylene glycol (B) [148].
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In a recent work, Florian S. Tschernuth et al [149] investigated the interesting catalytic activity of
a Lewis superacidic bis(perfluoropinacolato) silane for the degradation of aliphatic ethers. The
catalyst is reported in the following Scheme 10.

L
oo

CF3
Fg,Ci ICFg

Scheme 10. Acetonitrile-adduct of a Lewis superacidic silane (Si(pinF)2-MeCN) as a catalyst for C-O bond

metathesis of polyethers [149].

Ring-closing metathesis is typically affected by the availability of two or three coordination sites
on the catalyst, leading to coordination and subsequent deactivation [150]. However, catalysts with
blocked or less favorable multiple-coordination sites, such as the acetonitrile-adduct of a Lewis
superacidic silane (Si(pinF),-MeCN), demonstrated enhanced activity. This study revealed that the
coordinated acetonitrile is exchanged with the etheric substrate used. Table 9 summarizes the
optimized reaction conditions and corresponding products for the degradation of 1,5-
dimethoxypentane (1,5-DMP), diglyme, poly(ethylene glycol) dimethyl ether (PEG DME), and 18-
crown-6 [149].

Table 9. Reaction optimization for the degradation of 1,5-dimethoxypentane (1,5-DMP), diglyme,
poly(ethyleneglycol)dimethylether (PEG-DME) and 18-crown-6. [

foarnool 25 [ bR
X

n CHC13
Substrate Catalyst (%mol) Time (h) Yield (%)
1,5 DMP 1-5 1-20 96-97
Diglyme 1-5 2.5-96 96-99
18-crown-6 30 30 88
PEG-DME 225 18 87

[a] %Yield of tetrahydropyran and 1,4-dioxane was conducted by 'H NMR using mesitylene as an internal
standard.

5. Summary and Outlook

This review examines innovative catalytic technologies for the depolymerization of polymers of
significant interest. In this work, we focus on cellulose, lignin, polyester plastics, polyamides,
polyurethanes, and polyethers. Cellulose is highlighted as a primary source of glucose and organic
platform molecules for the production of high-value materials, attracting significant interest in the
pharmaceutical, food, energy, and various other sectors. Lignin is identified as an important
renewable source of aromatic and aliphatic molecules, traditionally derived from petroleum-based
resources. In recent years, it has been extensively investigated, particularly in the biofuel and building
materials sectors. This review also explores the depolymerization of the most widely used plastics
worldwide. Polyester plastics, polyamides, polyurethanes, and polyethers are materials used
worldwide, mainly produced from fossil resources. This review demonstrates how through
sustainable methodologies it is possible to recycle them into starting reagents that can be used for
multiple purposes. The ongoing ecological transition has increased awareness of environmental
challenges, underscoring the importance of recycling strategies over conventional disposal methods.
In this context, catalysis plays a pivotal role in improving process efficiency and scalability at the
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industrial level. Developing mild, non-destructive techniques for obtaining monomers—allowing
multiple recycling cycles without compromising product properties—represents a new frontier in
science.

Future Challenges:

Development of cost-effective and environmentally sustainable catalytic systems. For an
innovative process to be successfully scaled up, it must achieve an optimal cost-benefit balance. Many
catalysts are expensive materials, and only non-destructive strategies under mild conditions can
enable true recycling cycles. Mild reaction conditions are also closely linked to energy efficiency and
cost savings. Additionally, solvent-based processes should be minimized or eliminated where
possible, as this can significantly reduce costs and environmental impact.

Production of high-purity monomers with minimal by-products and high atom economy. A
method is truly sustainable only if it ensures high yield and selectivity. Achieving this requires
growing interest and investment in this field of research to drive further advancements.

Design of simple, easily scalable processing plants. Beginning with straightforward laboratory
reactors and processes increases the likelihood of successful scale-up beyond the lab.

The circular economy, if implemented sustainably, holds significant potential as a future
strategy to minimize the waste of both natural and synthetic resources
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