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Abstract: This review covers recent advancements in the use of zirconium phosphates and phospho-
nates (ZrPs) as catalysts or catalyst supports for a variety of reactions, including biomass conversion,
acid-base catalysis, hydrogenation, oxidation, and C-C coupling reactions, from 2015 to the present.
The discussion emphasizes the intrinsic catalytic properties of ZrPs, focusing on how surface acidity,
hydrophobic/hydrophilic balance, textural properties, and particle morphology influence their cat-
alytic performance across various reactions. Additionally, this review thoroughly examines the use of
ZrPs as supports for catalytic species, ranging from organometallic complexes and metal ions to noble
metals and metal oxide nanoparticles. In these applications, ZrPs not only enhance the dispersion
and stabilization of active catalytic species but also facilitate their recovery and reuse due to their
robust immobilization on the solid support. This dual functionality underscores the importance of
ZrPs in promoting efficient, selective, and sustainable catalytic processes, making them essential to
the advancement of green chemistry.

Keywords: zirconium phosphates; zirconium phosphonates; heterogeneous catalysis

1. Introduction

Catalysis plays a pivotal role in industrial production, scientific research, and even in
everyday life, underlining its importance. The request for optimal catalytic activity and se-
lectivity has driven extensive efforts in catalyst design, with particular emphasis on catalyst
recovery and reuse. While classical homogeneous catalytic systems have proven notable
efficiency, their separation from reaction mixtures poses challenges, necessitating costly
and laborious purification procedures. Moreover, the intrinsic costliness of noble metal
and/or ligand components limits the application of homogeneous catalysts in industrial
applications. Heterogeneous catalyst systems offer advantages such as simplified recovery,
provided that catalyst activity is maintained during reuse cycles, as well as the ability to
control selectivity and improve efficiency [1-3].

Faced with growing ecological and economic needs, catalysis takes on a fundamental
role in green chemistry and the sustainable environment and energy [4,5]. The benefits
of heterogeneous catalysis, including optimized product isolation, efficient catalyst re-
cycling, reduced metal traces in products, and enhanced process control, significantly
reduce the costs associated with chemical transformations. The advantages offered by
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to their unique structural characteristics and inherent physical and chemical properties.
They show excellent chemical and thermal stability both in their amorphous and crystalline
phases, a superior ion exchange capacity, a high surface area due to their layered and
porous structures, and good biocompatibility. The layered structure of ZrPs provides a
platform onto which organic groups with diverse functionalities can be intricately attached
(e.g., acid, basic, polar, hydrophobic, chiral, or chelating groups) or can be lodged (metal
nanoparticles). This feature, together with a feasible preparation by a self-assembly ap-
proach, allows for the fine-tuning of the material surface properties through a judicious
choice of the building blocks, enabling the customization of active sites for specific catalytic
reactions. The ability to tailor these materials at the nanoscale presents an exciting avenue
for the development of catalysts with enhanced efficiency and selectivity [10-18].

This review aims to explore the catalytic potential of layered zirconium phosphates and
phosphonates by examining their preparation methods, structural features, and the catalytic
applications they exhibit. As we navigate through their unique properties and recent
advancements in the field, it becomes evident that these materials hold promise as catalysts
or catalyst supports in various environmentally benign synthetic strategies. The subsequent
sections will explore the specific roles of zirconium phosphates and phosphonates in
catalysis, shedding light on their contributions to the advancement of sustainable and
efficient chemical processes.

2. Zirconium Phosphates and Phosphonates (ZrPs): Structural Features and
Synthetic Approaches

Since 1964, when Clearfield obtained crystalline «-zirconium monohydrogen phos-
phate (x-Zr(HPOy);-HO, o-ZrP), many studies have focused on layered zirconium phos-
phates and phosphonates, especially on the development of an innovative synthetic ap-
proach and, consequently, on the implementation of the different fields of application.

Layered zirconium phosphates exhibit two main types of structures, the alpha and
gamma types (Figure 1). In o-zirconium phosphate (Zr(O3POH);-H,0), each layer consists
of a single plane of Zr atoms bonded by tri-dentate monohydrogen phosphate groups.
These groups are located alternately above and below the plane. Each Zr atom is coor-
dinated in an octahedral shape by the oxygen atoms of six phosphate groups, and each
phosphate group shares oxygen atoms with three Zr atoms (Figure 1a). In y-zirconium
phosphate (Zr(PO4)(O,P(OH);)-2H,0O, v-ZrP), the layer is made of two parallel planes
of Zr atoms bridged by tetracoordinated inner PO,3~ (Figure 1b) groups. The external
di-hydrogen phosphate groups ((O,P(OH);) ) face both layer sides, and each of them is
bonded to two Zr atoms through unprotonated oxygen atoms. In both cases, the crystal-
lization water molecules are located in the interlayer region.

Wion

HPO,
ZrO,

a-Zr(HPO,), H,0 y-ZrPO,(H,P0,),2H,0
(a) (b)

Figure 1. Schematic view of (a) a-ZrP and (b) y-ZrP structures.
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Organic derivatives with both «- and y- structures can also be prepared. In addition
to the more well-known «- and y-structures, depending on the synthetic methods and the
molecular structure of the phosphonic acids, a large variety of structural archetypes with
different dimensionality has been found [19].

The increasing interest in zirconium phosphate and phosphonates (ZrPs) is mainly
attributed to their superior properties including thermal stability, ion exchange and inter-
calation capability, and proton conductivity. The tunability of textural properties, such
as crystallinity degree, specific surface area, and acid—base properties, can be controlled
simply by modifying the synthetic conditions or the composition of the layers. Indeed,
ZrPs can be easily prepared using a self-assembly approach, and the desired chemical and
physical properties can be finely tuned by a clever choice of the building blocks.

Crystalline ZrPs with micrometric or nanometric dimensions can be directly syn-
thesized by hydrothermal, refluxing, sol-gel, microemulsion, and microwave methods
(Figure 2). The effect of the preparation method on the textural properties of materials has
recently been reviewed [17,20-23]. Briefly, these synthetic procedures foresee the reaction
of the building blocks, inorganic or organic zirconium (IV) salts with phosphoric acid,
phosphonic acids, or a mixture of phosphoric/phosphonic acids, assisted, if needed, by
hydrofluoric acid, oxalic acid, and formamide as complexing agents. Different morpholo-
gies, sizes, and crystallinity degrees can be obtained through the fine control of the reaction
conditions such as temperature, time, reagents, solvents, and ratios [24]. Zirconium phos-
phonates can also be prepared starting from alpha or gamma zirconium phosphate by the
topotactic exchange of phosphate by phosphonate groups. This procedure allows for a wide
variety of organic pendants to be anchored without modifying the layer structure [21,25].
For a-structures, the topotactic exchange reaction is effective only when using nanocrys-
talline «-ZrP as a starting material: this approach is preferred when direct synthesis is
hindered by the different solubility levels of the various building blocks. Nanocrystalline
a-type zirconium phosphate and phosphonates exhibit several advantages with respect
to the corresponding microcrystalline compounds, among them being faster and milder
synthetic conditions and higher reactivity.

Figure 2. Schematic illustration of typical methods for synthesizing ZrPs with different textural
properties.
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To meet the growing demand for environmentally friendly approaches, several efforts
are focused on developing solid-state methods that minimize the excessive use of acids
and harmful solvents. «-ZrP can be obtained by mixing concentrated phosphoric acid and
ZrOCl,-8H,0, using low P/Zr molar ratios, and heating at a temperature ranging from
25 to 120 °C for 24 h [26]. Intercalated zirconium phosphates with alkali metals have been
prepared by grinding ZrOCl,-8H,O with Nap;HPO4 or (NH4),HPO4 and heating at 120 °C
for 24 h [27,28]. A similar procedure was followed to prepare K,Zr(POy),, where ZrO, and
KPO3; were mixed and then heated at 750 °C for 24 h [29].

Mesoporous ZrPs with a high surface area and tailored pore size are obtained by tem-
plating routs using cationic [30], anionic [31], or neutral [32] surfactants or by sol-gel synthe-
sis in the presence of specific polymers [33]. Other strategies involve template-free synthesis
and the preparation of ZrPs by linking pendant organic groups (Figure 2) [15-17,34-36].
The latter strategy consists of linking adjacent layers by using a low amount of diphospho-
nate groups, such as 1,4-benzenediphosphonate, diluted with small monophosphonate or
phosphite groups.

To increase accessibility to catalyst surfaces, layered ZrPs can be exfoliated in individ-
ual sheets or a few packed lamellae, forming a colloidal dispersion. The most used strategy
to obtain colloidal dispersions is the “top-down” approach, consisting of post-synthesis
treatments of ZrPs, including an aqueous to organic exfoliation system, cation—cation
repulsion, and intercalation leading to exfoliation (Figure 2) [37].

The ion exchange properties of ZrPs, containing exchangeable protons, have also
been exploited to prepare materials containing metal ions or metal complexes. In general,
these catalysts have been prepared by exchanging the acidic protons for catalytically active
cations. The exchanged compounds could also be treated with reducing agents, thus
obtaining metallic nanoparticles [11,23].

3. ZxPs as Solid Acid Catalysts

Zirconium phosphate and its organic derivatives, zirconium phosphonates, have been
recognized as promising solid acid catalysts due to their unique properties such as tunable
acidity and basicity, excellent thermal and chemical stability, high water tolerance, and
low cost. The presence of P-OH groups on the surface of layers is responsible for Bronsted
acid properties, while Zr** centers provide Lewis acid properties. The preparation method
significantly affects the surface characteristics and acid-base properties [16]. A high surface
area is essential to increase exposed acid sites and facilitate interaction with substrates.
Moreover, the hydrophobicity of the solid acid surface affects catalytic activity, which can
be modulated by introducing different hydrophobic R groups on the layers. Indeed, the
presence of hydrophobic R groups on the surface of zirconium phosphate/phosphonates
can not only impact the surface properties, such as the specific surface area and micro-
and meso-porosity, but also facilitate the diffusion of reagents towards acidic sites, thereby
increasing catalytic activity [35,36].

A wide range of acid-catalyzed reactions using ZrPs as heterogeneous catalysts are
reported in the literature (Tables 1 and 2).

The valorization process for biomass conversion has been the subject of intense re-
search efforts in recent years. Lignocellulosic biomass, mainly composed of lignin, cellulose,
and hemicellulose, represents the most accessible renewable carbon resource, and it is used
for the production of fuels, high-value-added chemicals, and new bio-based materials such
as bioplastics (Scheme 1). Biomass conversion can be achieved through various reactions,
including hydrogenation, dehydrogenation, deoxygenation/hydrogenolysis, and oxida-
tion, often combined with acid-/base-catalyzed reactions like hydrolysis and dehydration
to realize one-pot multistep processes.
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Lignocellulose
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Scheme 1. Biomass feedstock composition.

Among the various solid catalysts developed for biomass and derivative conversion,
zirconium phosphates (ZrPs) stand out for their high thermal stability and water tolerance
as well as the presence of tunable acidic sites. These characteristics are particularly advan-
tageous for biomass conversions that occur at high temperatures and in aqueous media.
The synergy between metal centers and acidic sites in modified ZrPs catalysts makes them
suitable for a wide range of specific chemical transformations, making them promising for

the sustainable valorization of biomass [12] (Table 1).

Table 1. The use of zirconium phosphates as heterogeneous catalysts for acid-catalyzed biomass

valorization processes.

Catalyst Preparation Methods BET Surface Area m?/g Catalyzation Process Ref.
Hydrothermal method (CTAB as
ZrP mesoporous template), calcination at 550 °C 407 [38]
ZrP-x mesoporous Evaporation-induced self-assembly -
P/Zr = 0.25-1.25 (F-127 as template), calcination at 500°C 110071638 (3]
ZrP amorphous Precipitation, calcination at 400 °C 108 Dehydration of sugar to [40]
Hydrothermal method (P-123 as yorat u
ZrPmesoporous template), calcination temp. 500-800 °C 213-1145 S>-HMF (41
ZrP-x amorphous o A o
P/ 7t =052 Precipitation, calcination at 400 °C 104.6-160.5 [42]
ZrP-S amorphous Acid-modified ZrP with oleum SO3; 73.6 [43]
ZrP-S amorphous ﬁIClj_m}?dlﬁe? ZrPhwilth I?lleum' S(Izizs 73.6 Dehydration of sorbitol to [43]
ZrP porous ydrothermal method (Pluronic 148 isosorbide [44]
template), calcination at 450 °C
Dehydration of xylose to
ZxP porous Sol-gel 600 furfural [45]
Hydrothermal method (P-123 as Hydrogenation of furfural
ZrP amorphous template), calcination at 400 °C 232 to FA 40l
g Acid-modified ZrP with H,SO4 Hydrogenation of FA to
ZP-S S/Zr =0-0.19 14-67 ethyl levulinate [47]
ZrP-SAPO-34 Precipitation in presence of SAPO-34 424-290 48]
P/Zr=05-2 zeolite powder, calcination at 400 °C Hydrogenation of FA to
ZtP_HT, ZrP_CT Hydrothermal or coprecipitation method, 195.0,192.6 GVL [49]

calcination at 550 °C
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Table 1. Cont.
Catalyst Preparation Methods BET Surface Area m?/g Catalyzation Process Ref.
ZrP-x amorphous o N o . Hydrogenation of alkyl
P/Zr =052 Precipitation and calcination at 400 °C 143.5-279.6 levulinate to GVL [50]
Z+P-PrSOH ZrP mod}ﬁed with pr.opylsulfomc acid 1427 Hydrogenatl(?n of xylose 51]
groups via post-grafting to alkyl levulinate
ZrP-x mesoporous Hydrothermal method (CTAB as N L
P/Zr=15-25 template), calcination at 550 °C 366.1-262 Fste?fl.catlo.ré of (2]
o-ZrP and y-ZrP Precipitation and reflux - evulinic acl [53]
%;IZ"_I%T’erPX_SBA ZrP grafted mesoporous silicas 583.0-446.6 p-Xylene production from [54]
- A biomass-derived
ZrPx Hydrothermal method, calcination at ‘
P/Zr=1-3 550 °C 196.5-410.9 2,5-dimethylfuran [55]
SO;H-ZrP single layer Sgrface modlﬁcatlgn of exfoliated .cx-ZrP
with propylsulfonic acid groups via - [56]
nanosheets :
post-grafting Biodiesel producti
. } . Hybridization of poly(ionic liquid) 1odiesel production
ZP-P[SIH]-x composite, (P[SIH]) with mesoporous zirconium 180-103 [57]
x=1,2,3 .
phenylvinyl phosphonate
%illz-in;zll"gﬂgus Precipitation, calcination at 400 °C 101.3 Dehydration of glycerol [58]
P/Zr = 0.33-3 Sol-gel 442.3-107.0 to acrolein [59]
Zrx(POy4)y(SO4), Co-precipitation 11-15 [60]
PSA /K-ZrP-x p-Phenolsulfonic acid grafted onto the 6317 Acetylation glycerol (61]
x=0.2-3 surface of KH560-modified «-ZrP -
7P Hydrothermal method, . 43.6-47.0 [62]
calcination at temp. of 200-600 °C -
: Acetalization of glycerol
Z1PPx flower-like Hydrothermal method, calcination at (solketal)
x = 0-100% phenyl e ' 436-8.1 sotketa [63]
L 200 °C
phosphonic acid
Sulfonic acid-functionalized zirconium
ZPS-PVPA-SOsH poly(styrene-phenylvinyl-phosphonate)- - Epoxidation of soybean oil [64]

phosphate

5-Hydroxymethyl-2-furfural (5-HMF) is a key chemical intermediate derived from
biomass, recognized for its versatility in producing a wide range of bio-based prod-
ucts. HMF serves as a valuable precursor for polymers (e.g., 2,5-diformylfuran and 2,5-
furandicarboxylic acid), fuels (e.g., 2,5-dimethylfuran), and solvents (levulinic acid). Its
multifunctional structure, featuring both aldehyde and hydroxyl groups, allows for the
creation of various high-value chemicals, pharmaceuticals, and materials through reactions
like hydrogenation, oxidation, rehydration, and polymerization (Scheme 2) [65]. It is syn-
thesized from the dehydration of sugars such as fructose, glucose, and cellulose. Typically,
both Lewis and Brensted acid catalysts are involved in converting sugar into fructose and
then into 5-HMF. Recent advancements in heterogeneous catalytic systems have improved
5-HMF production efficiency, making it a crucial component in the development of green
chemistry and sustainable biomass utilization. Among mesostructured solid acid catalysts,
zirconium phosphates, with their high surface area and balanced Lewis and Brensted acid
sites, are particularly attractive. Some recent examples are briefly described below.

In 2015, a mesoporous ZrP with a high surface area (407 m?/g) was obtained via the
hydrothermal method in the presence of cetyltrimethylammonium bromide (CTAB) as
a template and calcination at 550 °C by Mugweru and coworkers [38]. The mesoporous
zirconium phosphate exhibited excellent catalytic activity in a 3:1 ratio of water/diglyme
as the reaction medium, saturated with NaCl at 150 °C. Fructose, glucose, and sucrose
provide 5-HMF in 80%, 63%, and 53%, respectively. The catalyst, after being recycled five
times, showed a negligible reduction in activity.
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Scheme 2. Target molecules from 5-hydroxymethyl-2-furfural (5-HMF).

In the same year, Chou and coworkers obtained mesoporous ZrPs with different P/Zr
ratios through the self-assembly strategy (F-127 template) and calcination at 500 °C [39].
The best catalytic activity was obtained for P/Zr = 0.75, which showed excellent catalytic
activity and good reusability in fructose dehydration to 5-HMF in DMSO at 120 °C. The
mesoporous structure was retained even after twelve cycles, likely due to the ordered

mesoporous structure and high thermal stability.
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The microwave-assisted dehydration of fructose and inulin to 5-HMF in water, cat-
alyzed by amorphous ZrP obtained through precipitation and calcination at 140 °C, was
reported in 2017 by Raspolli Galletti and coworkers [40]. The catalytic activity of ZrP was
compared to that of niobium phosphate, and the performance was related to their different
acid characteristics. ZrP was reused three times with only a slight decrease in conversion
and selectivity. The IR spectrum of the recovered ZrP showed organic deposits on the
catalyst surface that can be reactivated by acetone washing.

In 2018, mesoporous ZrPs with a large pore diameter (>9 nm) were prepared hy-
drothermally in water using P123 as a template by Wook Bae and coworkers [41]. They
investigated the effects of the calcination temperature (500—800 °C) on the textural and
acidic/basic properties of the mesoporous ZrP and its catalytic performance for glucose de-
hydration to 5-HMF in pure water as a green reaction medium. Mesoporous ZrP-600, with
an appropriate number and strength of Lewis and Brensted acid and basic sites, efficiently
promoted the isomerization of glucose to fructose and its successive dehydration to 5-HMF.
The strong Lewis acid and basic sites facilitated glucose isomerization to fructose, which
dehydrated exclusively on the weak Brensted acid sites, resulting in a maximum glucose
conversion (83.8%) and 5-HMF yield (46.6%). Additionally, the large pores facilitated
diffusion, and the turnover frequency (11.68/h) for glucose to HMF conversion was higher
than that of small-pore mesoporous ZrP.

In the same year, Ma and coworkers prepared amorphous ZrPs with different P/Zr ra-
tios through precipitation and calcination at 400 °C for C6-sugar dehydration to 5-HMF [42].
The highest continuous HMF production was observed using fructose over ZrP with
P/Zr =2, which showed the highest surface area, pore volume, and total acidity density.
No deactivation was observed after 30 h of time on stream.

In 2019, an amorphous acid-modified ZrP-S was obtained by Hou and coworkers by
treating ZrP with 20% oleum, and its activity was compared with both amorphous and
crystalline ZrP [43]. The acid treatment enhanced the amounts and the strength of Brensted
and Lewis acidic sites, while the molar ratio of Brensted to Lewis acid sites remained
unchanged. Additionally, acid modification induced the exfoliation of the amorphous
structure, resulting in the formation of very thin nanosheets, thereby exposing more
active sites for catalytic reactions. The acid-modified ZrP-S catalyst exhibited the highest
selectivity (73.4%) for 5-HMF production through the dehydration of fructose, with respect
to the non-modified ZrP. It was recycled for up to five times without significant loss of
activity, demonstrating chemical and thermal stability as well as high leaching resistance
of its acidic sites through consecutive catalytic cycles. Additionally, the same catalyst was
also used in the dehydration of sorbitol to isosorbide, an important building block for the
production of new polymers and functional materials, showing the highest reactivity and
selectivity (73.6%) compared to the non-modified ZrP [43].

The dehydration of sorbitol to isosorbide was also obtained by Cai and coworkers in
2016 by using a porous ZrP prepared by the hydrothermal method with Pluronic P-123
as a template [44]. The catalyst showed complete conversion and high selectivity (73%)
to isosorbide production for five consecutive runs, and only a slight decrease in catalytic
activity was observed at the sixth run. The promising catalytic performance was attributed
to its high surface area and porous structure, which exposed a great quantity of adequate
Brensted acid sites.

Xylose represents an important feedstock from hemicellulose for the preparation of
important target molecules, such as furfural, from which levulinic acid and its derivatives
can be obtained (Scheme 3).

In 2016, Nakanishi and coworkers reported the preparation of hierarchically porous
monolithic ZrP via the sol-gel method [45]. This catalyst featured a high surface area
(600 m?/g) and both micro- and meso-porosity. It was used as a solid acid catalyst for
the dehydration of xylose into furfural. The high accessibility of the acidic sites and easy
separation of the monolith from the liquid medium resulted in the catalyst having good
catalytic activity and recyclability.
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The transformation of furfural into furfuryl alcohol with a high yield (95.2%) and
selectivity (76%) was achieved in 2020 by Srivastava and coworkers via eco-friendly,
isopropanol-mediated hydrogenation at 120 °C using amorphous ZrP as a solid cata-
lyst [46]. This catalyst was obtained via hydrothermal synthesis in the presence of P123 as
a mesopore-directing agent and calcination at 400 °C. The high activity of ZrP is attributed
to its bifunctional nature, possessing both Lewis and Brensted acidic sites, and the efficient
adsorption capacity of furfural. The catalyst exhibits no significant change in activity
even after being recycled five times, and the heterogeneity of the catalytic process was
demonstrated by a hot filtration test.

In 2019, Wang and coworkers reported the use of modified ZrP with sulfuric acid for
the direct production of ethyl levulinate from furfuryl alcohol in ethanol at 200 °C [47].
This modification enhances both the Lewis and Brensted acidity of zirconium phosphate by
adjusting the S/Zr ratio rather than the P/Zr ratio. Higher catalytic activity was observed
(100% conversion; 97.8% selectivity) in comparison to unmodified ZrP. The catalyst was
reused for three runs with a slight decrease in catalytic activity due to organic deposits
on the surface, but with calcination in air at 550 °C, a recovery of catalytic activity was
observed in the fourth run.

The one-pot synthesis of y-valerolactone (GVL) from furfural was achieved in 2021
by Lin and coworkers by using isopropanol as an H-donor and solvent and SAPO-34
zeolite-supported ZrP as solid acid catalysts [48]. The acidic properties of the catalyst were
modulated by adjusting the P/Zr ratio, with the best results obtained for P/Zr = 1. This
ratio provided relatively strong Lewis acid sites and an appropriate Lewis/Brensted site
ratio, resulting in full furfural conversion and GVL selectivity of up to 80.0%. The recycling
tests showed constant full conversion, but the selectivity of GVL gradually decreased,
probably due to carbon deposits on the solid catalyst surface that reduced both the number
of acidic sites and the BET surface area. After removing the carbon deposits by calcining
the spent catalyst at 400 °C, a recovery of both textural properties and catalytic activity
was observed.

The same process was investigated in 2022 by He and coworkers [49]. The authors
used ZrP obtained via the hydrothermal (ZrP-HT) or coprecipitation method (ZrP-CT) as a
solid acid catalyst. ZrP-HT calcined at 550 °C, with a larger density of acidic sites, showed
superior catalytic activity (42.7% yield of GVL) compared to ZrP-CT. The used catalyst
needed regeneration by calcination to recover its activity. The slight deactivation over reuse
was attributed to the reduction in the acidic site density due to mesopore collapse.
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The catalytic transfer hydrogenation of butyl levulinate to GVL over ZrP with ad-
justable Lewis and Brensted acid sites, using isopropanol as the hydrogen donor, was
achieved in 2017 by Li and coworkers [50]. The hydrophobicity, strength of Lewis acid
sites, and Lewis/Brensted acidic site ratio were tuned through P/Zr adjustment, resulting
in excellent catalytic activity (for P/Zr = 1, 98.1% conversion and 95.7% yield of GVL).
The catalyst maintained relatively satisfactory activity for 10 runs. The loss of activity was
attributed to an increase in the carbon content on the surface of the solid catalyst along
with reductions in the surface area and pore volume. The spent catalyst after 10 runs was
effectively regenerated by calcination (97.2% conversion; 94.8% yield of GVL).

In 2022, Saraji and coworkers prepared a modified ZrP with propyl sulfonic acid
groups via a post-grafting method, aimed at the production of alkyl levulinate from
xylose [51]. The maximum n-butyl levulinate yield was 82% at 170 °C after 6 h, while
the maximum ethyl levulinate yield was 49% at 150 °C after 6 h. Alcohol plays a crucial
role in xylose dehydration: n-butanol, due to its higher lipophilicity and boiling point,
exhibited better levulinate yields. However, n-butanol and ethanol display a similar ability
as H-donors. The catalyst showed stable catalytic activity up to the fourth run, after which
the alkyl levulinate yield decreased due to the leaching of propyl sulfonic acid groups.

Mesoporous ZrPs with a high surface area and different P/Zr ratios were obtained via
the hydrothermal method in the presence of CTAB as a template, followed by calcination at
550 °C, by Chermahini and coworkers in 2021 [52]. The solid catalysts with a P/Zr ratio of
2 showed the highest total acidity and a high surface area, providing the best result for the
production of n-butyl levulinate from levulinic acid (80% yield at 120 °C after 8 h).

In 2024, Rocha and Lopes reported the use of layered «-ZrP and y-ZrP in the ester-
ification of levulinic acid (LA) with ethanol or methanol using either the conventional
reflux method or microwave (MW) irradiation [53]. The best conversion and selectivity
were achieved with y-ZrP under MW irradiation at 80 °C for 2 h. The superior catalytic
activity of y-ZrP was attributed to its larger interlayer distance and a higher number of
acidic -OH sites within the interlayers and on the surface compared to o-ZrP. These textural
properties facilitate the protonation of LA and the subsequent addition of alcohol to the
protonated LA, forming a pseudo-AL intermediate. The protonation of pseudo-AL, followed
by a reaction with alcohol, results in the formation of alkyl levulinate (AL) (Scheme 4).

(0] (0]
-ZrP -ZrP
)l\/\n/o"' #ROH — 7 o >O§O e )l\/\n/OR
MW, 80 °C RO" O ROH
(@) oh (0]
LA pseudo-AL AL, R = Me, Et

Scheme 4. Levulinic acid (LA) esterification over y-ZrP under MW irradiation.

The catalytic conversion of biomass-derived furans into renewable aromatic chemicals,
such as benzene, toluene, and xylenes, is an important challenge.

In 2020, Dong and coworkers [54] prepared ZrPs with variable P/Zr ratios, grafted
on ordered mesoporous silicas with a high surface area (KIT-6, SBA-15, and SiO;) for
the selective production of p-xylene by the catalytic reaction of 2,5-dimethylfuran with
gaseous ethylene through tandem Diels—-Alder cycloaddition and dehydration. The solid
acid catalyst ZrP; 5-SBA, with a high dispersion of acidic sites and a larger surface area,
showed the best catalytic activity (91% conversion with 96% selectivity). Moreover, its
catalytic activity and mesopore structure were retained for four runs.

Very recently, the same process was studied by Dong and coworkers using a series of
zirconium phosphates (ZrP-x) with various P/Zr ratios obtained through a hydrothermal
method [55]. For P/Zr 2.5, they observed a higher surface area (410.9 m?2/ g), abundant
mesopores, more acidic sites, and a balance between Breonsted and Lewis acidity, which pro-
duced high conversion (99.1%) and productivity (72.3 mmol/g-h). The recovered catalyst,
regenerated by calcination in air at 500 °C for 4 h to remove the adsorbed carbonaceous
species, exhibited stable catalytic activity for up to six runs.
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Biodiesel, produced by the transesterification of vegetable and animal fats/oils, is
considered an attractive alternative to fossil fuel energy resources. However, large quan-
tities of glycerol are generated as a by-product, necessitating effective approaches for its
valorization. Due to its polyfunctional structure with three hydroxyl groups, glycerol can
be converted into numerous high-value-added chemicals (Scheme 5).

Triglicerides Fatty acid methyl esters
(Biodisel)

(ONO) - HO/Y\OH — » COx+H;

\_K/OH OH syngas
glycerol carbonate / Glycerol \
AP - _A~_OH

HO A
/Y\O acrolein propanol
OH
Glyceraldehyde
(ACO)HO/Y\OAC R R HO/YTO/YTO/Y\OH
OH(OAC) e OH OHIn  OH
o O

mono-, di-, triacylglycerol polyglycerol
(acetins) OH

solketal

Scheme 5. Valorization process for fats and oils.

In 2018, Sun and coworkers prepared surface-modified single-layer ZrP nanosheets
with propylsulfonic acid (SOsH@ZrP) using the post-grafting method for the esterification
of oleic acid with methanol to produce biodiesel [56]. The catalytic activity of the solid acid
was slightly lower than that of liquid H,SOy4; however, it exhibited higher catalytic activity
than the commercial Amberlyst®15. The catalyst was easily recovered and reused for seven
runs with only a slight decrease in catalytic activity.

Mesoporous composite materials (ZP-P[SIH]-x) were obtained by Yang and coworkers
in 2022 by hybridizing sulfonic acid-functionalized poly(ionic liquid) (P[SIH]) with zirco-
nium phenylvinyl phosphonate (ZP) [57]. The ZP-P[SIH]-2 catalyst showed a high pore
volume, excellent hydrophobicity and wettability for the substrates, along with uniformly
dispersed acid and base sites for the direct transformation of crude Euphorbia lathyris L. oil
into biodiesel (93% biodiesel yield). No reduction in catalytic activity was observed until
the fourth run.

In 2016, Hou and coworkers [58] achieved the catalytic transformation of glycerol to 1-
propanol using sequential two-layer catalysts in a continuous-flow reactor. Amorphous ZrP
was packed in the first layer for the dehydration of glycerol into acrolein, and a supported
Ru catalyst (2% Ru/SiO,) was used in the second layer for the sequential hydrogenation
of acrolein to 1-propanol. This catalytic system provided complete conversion and 77%
selectivity for 1-propanol, along with long-term stability (80 h). Carbonaceous deposits on
ZrP were the main reason for deactivation observed after 100 h; however, calcination in air
at 500 °C for 4 h regenerated the spent catalyst, which could then be reused for another
100 h with only a slight decrease in selectivity.

In 2018, Chary and coworkers prepared porous ZrPs catalysts with variable P/Zr
ratios and a high surface area via the sol-gel method for gas-phase glycerol dehydration to
acrolein [59]. The best result was obtained with a P/Zr ratio of 2, achieving 100% conversion
and 56% selectivity for acrolein. This superior performance is attributed to the highest total
amount of acidic sites and the presence of both weak and moderate acidic regions.

In 2019, mixed zirconium phosphate-sulfate acid catalysts were investigated by Liotta
and coworkers for the acetylation of glycerol with acetic acid to obtain acetins as fuel
additives [60]. Due to its high acidity, the most selective catalyst was Zr4(PPO4)2(504)s,
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which was used for recycling experiments for up to five cycles. Despite a modest loss of
activity, a significant decrease in selectivity to tri- and diacetin was observed after the first
cycle due to the leaching of sulfate groups.

In 2021, Hou and coworkers [61] prepared an organic-inorganic combined solid acid
by grafting p-phenolsulfonic acid (PSA) onto the surface of modified zirconium phosphate
(K-ZrP). An appropriate molar ratio of PSA and K-ZrP (PSA /K-ZrP-2) increased the acidity
as well as the accessibility to acidic sites, showing high performance (81.3% conversion
with 97.9% selectivity for mono- and diacetin) and stability for up to five runs in the
transesterification between glycerol and methyl acetate.

The same authors in 2019 [62] and 2020 [63] reported the use of layered crystalline
ZrP and flower-like zirconium phosphate phenylphosphonate (ZrPP), obtained by the
hydrothermal method, in the acetalization of glycerol with acetone to obtain high-value-
added solketal. The performance of the catalysts depended mainly on the surface density of
the acid sites. For ZrPP, the synergistic effect of acidity and the hydrophilia/hydrophobicity
balance could retard deactivation from adsorbed condensation water, allowing for better
catalytic performance (90.2% vs. 85.7% conversion) and stability over five runs.

Epoxidized vegetable oils have attracted much attention because they are widely used
as plasticizers and stabilizers for polyvinyl chloride (PVC). The epoxidation of soybean oil,
typically achieved with peroxyacid, was conducted by Zhao and coworkers in 2019 using
sulfonic acid-functionalized zirconium poly(styrene-phenylvinyl-phosphonate)-phosphate
(ZPS-PVPA-SO3H) and tert-butyl hydroperoxide (TBHP) as an oxidant [64]. Recycling
tests showed no significant decrease in catalytic activity for five runs, but a drop was
observed thereafter. Interestingly, if the catalyst was kept in 2 M of HCl overnight, the
catalytic activity was restored for up to the tenth cycle.

Zirconium phosphates and phosphonates have been widely used not only for biomass
transformation but also for a large number of acid-catalyzed transformations (Table 2).

Table 2. The use of zirconium phosphates as heterogeneous catalysts for acid-catalyzed transformation.

Catalyst Preparation Methods BET Surface Area m?/g Catalyzed Process Ref.

ZrHEDP, ZrATMP, . P

ZtEDTMPS porous Hydrothermal (CTAB as template) 310-749 Hydrolysis/esterification [66]

ZrHEDP, ZrATMP,

ZtEDTMPS porous Hydrothermal (CTAB as template) 310-749 o o [67]
Reflux (HF), HsL = tetraphenylsilane ) 2 fixation

Zr(HyL) framework tetrakis-4-phosphonic acid [68]

Oxidation

CrZrP, CrZr,P porous Sol-gel 127.9,149.3 alkanes and alkenes [69]

ZrP/MCM-41 Precipitation in presence of MCM-41, 671-642 Oxidative desulfurization [70]

3-10% ZrP loading calcination at 400 °C of benzothiophene

ZrP nanoparticles Combustion method (550 °C) Particle size 66 nm Synthesis of nitriles [71]

ZrP nanoparticles Combustion method (550 °C) Particle size 66 nm . [71]
Minimal solvent svnthesis i Photocatalytic

a-ZrP nanoparticles Huma’ SOTVent synthesis m Particle size 30 nm degradation of dyes [72]
polypropylene

ZrP amorphous Reflux and calcination at 600 °C 23.11 Isqmerlzatlon arpmene [73]

oxide to trans-carveol

ZrP-t-Bu xerogel Non-hydrolytic sol-gel synthesis 720 Aminolysis styrene oxide [74]

ZrPPAZOSOsH Direct precipitation 47.74 [75]

ZrP mesoporous Surfactant template EISA (Pluronic P123) 137 [76]

SAXAZP Sulfamic acid dispersed in micropores of 80-120 (7]

x =2-20% SA Al-pillared «-ZrP Multi-component

BSA@o-ZrP nanoparticles  Butanesulfonic acid-modified «-ZrP Particle size 12.61 nm reactions [78]
Reflux, calcination at temp. of

ZrP 200-600 °C 129.5-79 [79]

«-ZrP Reflux 33 [80]
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Mesoporous zirconium phosphonates with different alkyl chain lengths (ZrHEDP,
ZrATMP, and ZrEDTMPS) were obtained in 2015 by Yuan and coworkers through the
hydrothermal method in the presence of CTAB [66,67]. The catalysts, which exhibited
high surface area and pore volume along with high hydrophobicity proportional to the
alkyl chain length, were used in hydrolysis/esterification processes [66] and for chemical
CO; fixation with aziridine to yield oxazolidinones [67]. The catalytic activity was closely
related to hydrophobicity, and ZrHEDP, with the longest alkyl chain, was the best catalyst.
Furthermore, it was recovered and reused without significant loss of catalytic activity. This
was related to its stable skeletal composition, well-maintained mesoporosity, and high
surface area.

In 2017, chemical CO, fixation by coupling with epoxides was achieved by Sun
and coworkers using Zr(HyL), a zirconium phosphonate-based metal-organic framework
(MOF) [68]. Its performance was higher than that of other MOFs, with no significant loss of
catalytic activity after recovery and reuse. The total turnover number (TON) reached as
high as 60,000 per mole of catalyst after five runs.

In 2020, porous chromium-zirconium bimetallic phosphates (CrZrP and CrZr,P) were
obtained via the sol-gel method by Liu and coworkers [69]. The catalysts were used in
the oxidation of cyclohexane, ethylbenzene, and cyclohexene using HyO,, TBHP, and O,,
respectively. The high catalytic activity was attributed to the synergistic effect between
acidic and Cr*® redox sites, which are influenced by the Cr/Zr molar ratio.

In the same year, Dai and coworkers prepared ZrP loaded on MCM-41 with different
ZrP loadings (3-10%) for the oxidative desulfurization of benzothiophene [70]. Under
optimal conditions, obtained with 5% ZrP/MCM-41, sulfur removal reached 99.9%. The
catalytic activity remained stable for 13 consecutive cycles, and the conversion was still
94.68% in the 14th run. The high catalytic activity was attributed to the high surface area
(>600 m?/ g) and surface acid strength.

Zirconium phosphate nanoparticles were obtained in 2021 by Nagaraju and coworkers
through a green combustion method using zirconyl nitrate and phosphorous pentoxide
as precursors in the presence of tamarind seed powder [71]. The catalyst was used in the
microwave-assisted catalytic conversion of aldehydes to nitriles, achieving a high yield
(72-98% in 14 examples) with a very low reduction in catalytic activity for up to seven
runs. The catalyst was also used in the photocatalytic degradation of dyes, reaching 98%
degradation of methylene blue after 150 min of UV irradiation [71].

In 2018, Wang and coworkers [72] used three different methods to produce «-ZrP
nanoparticles: (1) direct precipitation in the presence of oxalic acid (particle size of 60 nm);
(2) the refluxing method (particle size of 47 nm); and (3) the minimal solvent method
in polypropylene (particle size of 30 nm). The latter catalysts, having a much smaller
crystallite size than the others, were the most active in the photocatalytic degradation of
Rhodamine B under ultraviolet irradiation, achieving 97% degradation within 50 min.

In 2022, Biradar and coworkers developed efficient and cost-effective amorphous
ZrPs with different P/Zr ratios through refluxing methods for the catalytic valorization of
biomass-derived o-Pinene oxide into trans-Carveol, which is used in the fragrance industry
to produce essential oil [73]. The solid acid catalyst with a P/Zr ratio of 3 exhibited the
highest total acidity and, under optimized reaction conditions, proved to be the best catalyst,
resulting in complete conversion with 76% selectivity towards trans-Carveol. The catalyst
was recovered and reused up to six times with only a slight loss of activity and selectivity.

In 2023, Pinkas and coworkers obtained zirconium phosphonates with controlled meso-
porosity through non-hydrolytic sol-gel synthesis by reacting Zr(NEt;)4 with trimethylsily-
lated phosphonates RP(O)(OSiMes); (R = Me, tBu, Ph, and OSiMe3) and bis-phosphonates
(M83SiO)2(O)P—X—P(O)(OSiME3)2 (X = CHQ, C6H4, CHz(C6H4)CH2, and CHQ(C6H4)2CH2)
in dry toluene [74]. The catalytic performance of the prepared xerogels was tested in the
aminolysis of styrene oxide with aniline in toluene at 50 °C, and it was closely related to
the surface properties. The best performance was achieved with the tBu phosphonate as



Catalysts 2024, 14, 733 14 of 37

the terminal group, which resulted in a higher surface area and porosity, yielding 92%
conversion and 94% selectivity.

The acid-catalyzed multi-component reaction (MCR) is one of the most straightforward
methods for the synthesis of heterocyclic compounds with important biological and pharma-
ceutical activities [81]. Typically, MCR is a strategy wherein three or more reaction substrates
are combined in a single reaction vessel to form a product via an eco-friendly, step-economical,
one-pot cascade fashion. This approach provides the desired product with a usually high
yield and high chemo-, regio-, and stereoselectivity, avoiding tedious purification processes.
Many examples reported the use of ZrPs as solid acid catalysts for MCRs (Scheme 6).

.
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Scheme 6. ZrP-catalyzed multi-component reactions. Synthesis of (a) 2-[aryl(arylamino)methyl]-
cyclohexanones; (b) aryl bis(heterocyclic)methanes; (c) 4-aryl 1,4-dihydropyridines; (d) 2-aryl benz-
imidazoles and benzothiazoles and (e) 2-aryl quinazolinones.
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In 2016, Chow and coworkers prepared mixed zirconium phosphate—phosphonate
by direct precipitation in the presence of 4-[4-(6-phosphonicacid-hexanoxyl)phenylazo]
benzenesulfonic acid [75]. The photocontrollable catalyst was used in the one-pot three-
component Mannich reaction of benzaldehyde, aniline, and cyclohexanone in water with
irradiation at 365 nm (Scheme 6a). High yields and recyclability were obtained for up to
seven runs (94.5-91.8% yield). The substituted reactants showed moderate yields (61-78%),
which were ascribed to their low solubility in water.

A mesoporous ZrP with high surface area and mesopore volume was obtained through
the surfactant template EISA (evaporation-induced self-assembly) method with Pluronic
P123 by Karmakar and Saha in 2018 [76]. The catalytic activity was investigated in the
tandem Knoevenagel-Michael addition of aromatic aldehydes with different active hete-
rocycles for the preparation of aryl bis(heterocyclic)methanes in water (Scheme 6b). The
proposed mechanism involves a Brensted acid-catalyzed Knoevenagel reaction followed
by a Lewis acidic Zr**-catalyzed Michael addition. The optimized reaction conditions
were extended to a large number of substrates, always obtaining high yields (30 examples;
85-97%). Recovery and reuse tests showed good recyclability up to the fourth run.

In 2019, composite organic-inorganic materials (SAXAZP) were obtained through the
dispersion of 2-20% sulfamic acid (SA) on a microporous inorganic support of aluminum
cluster-pillared «-ZrP (AZP) by Mishra and coworkers [77]. The catalytic activity of the
obtained materials was evaluated in the multi-component reaction of ethyl acetoacetate,
arylaldehydes/chalcones, and ammonium acetate (Scheme 6¢). The composite SAI0AZP
showed the best catalytic activity, yielding a variety of 1,4-dihydropyridines under mild
conditions with high yield and purity (13 examples; 72-90% yield). Lewis acidic Zr** sites
activated aldehyde during the Knoevenagel condensation reaction, while Brensted acid
sites catalyzed the enolization of 3-ketoester and the cyclodehydration steps.

The synthesis of 2-aryl benzimidazoles and benzothiazoles was achieved by Khorsandi
et al. in 2020 and Sallek et al. in 2023 through a condensation reaction between aldehy-
des and 1,2-phenylenediamine or 2-aminothiophenol, followed by a successive oxidative
aromatization step, under mild conditions and an air atmosphere, using ZrP modified with
butanesulfonic acid with the post-grafting method [78], and ZrP was obtained by refluxing
and calcination at 200 °C [79], respectively (Scheme 6d). High yields were obtained with
both solid acid catalysts, but the latter proved to be more stable, maintaining good catalytic
activity for up to five runs [79]. In contrast, butanesulfonic acid-modified ZrP showed a
sharp drop in product yield at the fifth run, but no explanation was provided for the loss of
catalytic activity [78].

Sallek and coworkers, in 2022 [80], used crystalline «-ZrP, obtained by the refluxing
method, as an acid catalyst for the synthesis of 2-arylquinazolinones through a condensation
reaction between aldehydes and 2-aminobenzamide in EtOH/H,O (1:1) as a green reaction
medium and in an air atmosphere to promote the oxidative step (Scheme 6e). Excellent
yields (89-96%) were obtained whatever the functional group of arylaldehyde. The catalyst
was reused five times; a slight decrease was observed due to the accumulation of product
on the surface of the catalyst.

4. ZrPs as Solid Base Catalysts

Zirconium phosphonates with basic sites have been less explored than their acidic
counterparts; nonetheless, they exhibit interesting catalytic activities (Table 3). The syner-
gistic presence of Zr** Lewis acid sites and PO32~ Lewis basic sites on the solid catalyst is
often responsible for its remarkable activity.
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Table 3. The use of zirconium phosphates as heterogeneous catalysts for base-catalyzed transformation.

Catalyst Preparation Methods BET Surface Area m?/g Catalyzed Process Ref.

ZrHEDP ZrEDTMPS Coprecipitation of phosphonic acid with 231-108 182]

ZrATMP ZrDTPMPA ZrOCl, in NaOH
Coprecipitation of S )

ZrNPO3 nitrilotris(methylene)triphophonic acid 356 Levulinic acid and its [83]
with ZrCly esters to GVL

Zr-PhyA porous Precipitation of phytic acid (PhyA) with 215 84]
ZI‘C14

Zr-PhyA porous g‘eccll pitation of phytic acid (PhyA) with 215 MPV reduction in ketones [84]

4
o-Z:PK Eotassmm—exchanged layered zirconium 17 Mult}-component [85]
ydrogen phosphate reactions

Covalently immobilized ILs on ZrP

ZrP(SIL) nanosheet by post-grafting methods ) (861
Potassium-exchanged amorphous Knoevenagel reaction

ZrPK-Me, ZrPK-Ph, zirconium phosphate methyl and/or 42-147 [87]

ZrPK-MePh

phenyl phosphonates

In 2018, Liu and coworkers prepared hybrid organic-inorganic zirconium phospho-
nates through the coprecipitation of organic phosphonic acid sodium salt and ZrOCl, [82].
The solid basic materials exhibited high catalytic activity in the conversion of ethyl levuli-
nate (EL) to 'y-valerolactone (GVL) in the presence of isopropanol as a hydrogen donor
agent. Phosphonate groups regulate the textural properties and the number of Lewis acid
and basic sites, which play a very important role in promoting the conversion of EL to
GVL. Indeed, basic sites favor the dissociation of hydroxyl groups in isopropanol, thereby
enhancing the rate of the reaction. The catalysts were easily recovered and reused at least
five times without any decrease in activity or selectivity.

A zirconium phosphonate (ZrNPO3) with a high surface area (356 m? /g) and nanoporous
structure (average particle size 18 nm) was synthesized in 2022 by Srivastava and coworkers
through the coprecipitation of nitrilotris(methylene)triphosphonic acid and ZrCly [83]. The
catalyst was employed in the selective catalytic hydrogenation of levulinic acid to GVL in
the presence of isopropanol as an H-donor, achieving a 98.1% conversion with 98.2% selec-
tivity. The high Lewis acid and basic strength and content of the catalyst were responsible
for its high activity and selectivity. The catalyst was highly stable and was reused up to
five times with only a slight decrease in conversion and no change in selectivity.

In 2015, Han and coworkers synthesized a porous zirconium phosphonate using
natural phytic acid (PhyA) and ZrCly as building blocks for the catalytic reduction of
levulinic acid and its esters to GVL using isopropanol as H-donor [84]. Also, the excellent
catalytic activity (98.7% yield with 98.7% selectivity) was attributed to the properties of
both the Zr acid and phosphate basic groups. The catalytic activity and textural properties
remained unchanged for up to five cycles. Moreover, the catalyst was used in the Meerwein—
Ponndorf-Verley reduction of various carbonyl compounds with very high yields (seven
examples; 87.6-99.3%) [84].

In 2016, Rosati and coworkers used potassium-exchanged zirconium hydrogen phos-
phate, o-Zr(KPOy),, as a solid basic catalyst for the preparation of 2-amino-4H-pyran
derivatives via a multi-component reaction under solvent-free conditions at 60 °C [85]. A
wide variety of pyran derivatives were obtained with high yields (26 examples, 42-93%).
The catalyst was reused for up to five runs without loss of catalytic activity.

In 2017, Sun and coworkers [86] prepared an ionic liquid (IL)-modified ZrP single-
layer nanosheet by the post-grafting method (ZrP(SilIL)) as a basic solid catalyst for the
Knoevenagel condensation reaction of benzaldehyde with ethyl cyanoacetate under solvent
free conditions. Thanks to the high level of dispersion, the solid basic catalyst with a
ZrP/SiIL ratio of 3 exhibited the highest performance, which was comparable to liquid
ionic 1-butyl-3-methylimidazolium chloride (BMIMCI) (99.7 vs. 99 .4, respectively). The



Catalysts 2024, 14, 733

17 of 37

catalyst was recovered and reused for up to 11 runs without a significant decrease in
catalytic performance.

Amorphous zirconium potassium phosphate methyl and/or phenyl phosphonates
were obtained by potassium exchange of the corresponding solid acid by Piermatti and
coworkers in 2018 [87]. These organic-inorganic basic solids were tested in the Knoevenagel
condensation of various aldehydes with malononitrile or ethyl cyanoacetate under mild,
solvent-free conditions. The presence of hydrophobic methyl and phenyl groups on the
solid surface affected both the surface properties, favoring the formation of larger pores,
and the catalytic activity, enhancing reagent diffusion toward the basic sites and increasing
the catalytic activity of the prepared solids compared to completely inorganic layered
zirconium potassium phosphate, Zr(KPO,),. The mixed zirconium potassium phosphate
methyl/phenyl phosphonates (ZrPK-MePh) with higher surface area and pore volume
showed the best catalytic activity (nine examples; 89-96% yield). The catalyst was easily
recovered by centrifugation and reused for up to five cycles with negligible loss of catalytic
activity.

5. ZxPs as Support for Metal Ions and Metal Complex Immobilization

Among the properties that zirconium phosphates exhibit, their high capacity as cation
exchangers is extremely useful as it allows for the immobilization of metal ions, which
can act as Lewis acid catalysts. The presence of the exchanged metal ions, together with
Zr**, enhances the Lewis acid properties of zirconium phosphates, generally increasing
their catalytic activity. Metal complexes can be easily immobilized on the surface of ZrPs
layers by the direct intercalation of the metal complex or by flexible ligand methods, which
involves first the ion exchange of the metal and then the complexation of the ligand by
intercalation. Numerous metal ions and metal complexes have been immobilized on ZrPs
by ion exchange, and a selection of these with applications in catalysis is shown in Table 4.

Table 4. Zirconium phosphates as supports for metal ions and metal complex catalyst immobilization

and their application in heterogeneous catalysis.

Catalyst Preparation Methods BET Surface Area m?/g Catalyzed Process Ref.
g Mesoporous zirconium phosphate ion Dehydration of sugar to
ZxP-Cr(Ih exchange with CrCl; 386 5-HMF [88]
ZrP-Ru(III) gi;‘;ﬂ‘;eov‘f]ﬁ ti‘rlgﬁrglum phosphate ion 378 Oxidation of 5-HMF [89]
3
Hydrogenation of
Ru-ZrP Intercalation of Ru(Il) complex into ZrP 29 furfural to FA [90]
layers Hydrogenation of
aldehydes and ketones
Ultrasonic-assisted impregnation of Isomerization of
Sn/ZrP amorphous ZrP with SnCly and 89.1 dihydroxyacetone to [91]
calcination at 400 °C lactic acid
Immobilization of Schiff base Zn(II)
ZrP-Zn complex by covalent grafting on ZrP - L-lactide polymerization [92]
nanosheet
. Zirconium phosphate ion exchange with 1,1-diacetate synthesis [93]
ZxP-Zn(I) Zn(OAc), 1024 Oxidation of alcohols [94]
N Zirconium phosphate ion exchange with Acetylation of alcohols
ZrP-Ni(II) Ni(OAC), 103.1 and phenols [95]
Ultrasonic-assisted impregnation of Hydroformylation of
CoZrP Co(Il) 146 olefins [%6]
. Immobilization of uracil Cu(Il) complex Morita-Baylis—Hillman [97]
o-ZrP/Uracil/Cu(ll) by covalent grafting on ZrP nanoparticles 120.1 C-H functionalization [78]
NiZ:P illr(cgglcl;?l phosphate ion exchange with 98]
Zirconium phosphate ion exchange with Synthesis of tetrazoles
CuZrP and ZnZrP phosp & - [99]

Cu(OAc); and Zn(OAc);
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Table 4. Cont.
Catalyst Preparation Methods BET Surface Area m?/g Catalyzed Process Ref.
ZP /xAgCl composite Precipitation of AgCl particles by using AgCl particle size [100]
x=0.28,0.56,1.16 silver-exchanged nanosized ZrP 0.5-2 um Photod dati fd
ZrP-Sn(IV) Zirconium phosphate impregnation with 18.3-47.8 otodegradation o dyes [101]
Sn/Zr =0.25-1 SnCly ’ ’
ZrP-Fe(IIT) }Z:érc‘:{’mum phosphate ion exchange with ¢ 5¢ Oxidation of styrene [102]
3
Zirconium phosphate ion exchange with N
Cu/ZrP Cu(OAC), and calcination at 200 °C 53 Oxidation of phenol [103]
Hierarchical porous zirconium
Cu@ZrDP phosphonate impregnation with 408.6 Benzyl alcohol oxidation [104]
Cu(NOs),
Impregnation of zirconium
MTO/ZxPP phenylphosphonate with - [105]
ZPS-PVPA Mn (Salen) methyltrioxyrhenium Epoxidation of alkenes
- . alen .
ZPS-IPPA-Mn (Salen) Covalent grafting method 120.3,100.3 [106]
«-ZrP-Mn (salen) Flexible ligand method 24.97 Oxidation of cyclohexene [107]
ﬁ‘/izzr;MNﬁalen) Flexible ligand method 18.51,19.57 [108]
a-ZrP-M(salicylaldimine) Covalent bond immobilization of 515-5.18 Oxidation of cyclohexane [109]
M = Co, Mn, Cu M(salicylaldimine) complex by grafting ’ ’
Zirconium polystyrene
ZSPS-PVPA-Mn (Salen) phosphonate-supported Salen Mn(III) - [110]
complex L
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of CO,

In 2015, Zang and coworkers reported the preparation of mesoporous chromium-
exchanged zirconium phosphate with a high surface area (386 m?/g) for the catalytic
conversion of carbohydrates into 5-HMF [88]. Comparing the catalytic activity of ZrP-
Cr(Ill) with that of simple mesoporous ZrP (98.5% vs. 6.1% fructose conversion), the
authors concluded that Cr®* was the active site promoting the dehydration of fructose. The
Cr-catalyst was very stable: the yield of 5-HMF remained almost stable for six consecutive
runs, the Cr valence remained trivalent, and no Cr leaching was detected in the solution.

In 2016, the same authors obtained a Ru(Ill) ion-exchanged mesoporous ZrP for the
oxidation of biomass-derived 5-HMF [89]. A 100% conversion of HMF at 130 °C after
12 h under atmospheric oxygen pressure was achieved, and 2,5-furandicarboxylic acid
(FDCA) and 2,5-diformylfuran (DFF) were detected as the major oxidation products. The
ZrP-Ru(Ill) catalyst was recovered and reused for up to five cycles without any loss of
catalytic activity.

In 2021, Hou and coworkers immobilized the cationic Ru(II) complex [(p-cymene)Ru
(phen)Cl]Cl by intercalation into the interlayer space of exfoliated o-ZrP and investigated its
catalytic activity in the selective hydrogenation of furfural and other carbonyl compounds
to the corresponding alcohols under mild conditions [90]. High catalytic performance
was obtained for a wide variety of carbonyl compounds (15 examples; 83-99% conversion
with 25-99% selectivity), and the catalyst was easily recycled for six runs with good
catalytic activity. The remarkable performance was attributed, through DFT calculations,
to the coordination interaction of the Ru(Il) center with the P-OH groups within the
ZrP interlayers. This interaction led to the formation of Ru-O bonds, which activated
and dissociated Hj, enabling the selective hydrogenation of carbonyl groups. Moreover,
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suitable interlayer spacing and appropriate exfoliation were crucial for immobilizing the
Ru complex and favoring the formation of the active Ru-O species.

In 2023, a Sn-doped zirconium phosphate was obtained by Ju and coworkers through
the ultrasonic-assisted impregnation of amorphous ZrP with SnCly and successive calcina-
tion for the isomerization of dihydroxyacetone to lactic acid in water as the solvent [91].
The authors proved that the presence of Sn significantly increased the content of strong
Lewis acid sites, which accelerated the conversion of pyruvaldehyde to lactic acid. The
catalyst was reused for up to four runs without significant loss of catalytic performance
and with very low ion leaching.

The polymerization of L-lactide to polylactide-based nanocomposite was achieved by
Sun and coworkers in 2019 by using an «-ZrP nanosheet-supported zinc catalyst obtained
through the immobilization of a Schiff base Zn(Il) complex by covalent grafting [92].
The prepared ZrP—Zn catalyst promoted the polymerization of lactide and subsequently
acted as a nanofiller for the polylactide matrix, improving its crystallization behavior and
mechanical properties.

In 2015, Karimi prepared zinc zirconium phosphate nanoparticles with a high surface
area (102.4 m?/g) by ion exchange with Zn(OAc),. The catalyst was used for the chemos-
elective synthesis of 1,1-diacetates by reacting aldehydes with acetic anhydride [93] and
for the selective oxidation of a wide range of alcohols to their corresponding ketones or
aldehydes using H,O, as an oxidant [94], both under mild and solvent-free conditions.
High yields were observed, and the catalyst was recovered and reused for several runs. A
slight decrease in catalytic activity was observed after several cycles due to Zn?* leaching
from the ZrP surface and catalyst agglomeration after thermal regeneration. The reduction
in Lewis acid sites reduced the catalytic performance.

In 2016, nickel zirconium phosphate nanoparticles were obtained by Hajipour and
coworkers through ion exchange with Ni(OAc), [95]. The catalyst was used for the acety-
lation of a wide range of phenols, alcohols, thiols, and amines with acetic anhydride,
achieving good to excellent yields under solvent-free conditions (36 examples; 81-96%
yield). The nanocatalyst was recovered and reused for at least seven runs, with a slight de-
crease in catalytic activity being observed after the sixth run due to particle agglomeration
and Ni leaching into the solution.

The catalytic hydroformylation of olefins to the corresponding aldehydes over single-
atom Co(Il) sites in zirconium phosphate (CoZrP), obtained by the ultrasonic-assisted
impregnation of Co(NOj3), on amorphous ZrP, was reported by Hou and coworkers in
2022 [96]. The excellent performance and high stability of the Co(II)-based catalyst for six
consecutive catalytic recycles were attributed to strong coordination interactions between
single-atom Co(II) sites and the phosphate groups on ZrP, which improved the catalytic
performance and stability by preventing Co(1II) leaching.

In 2018, Hajipour and coworkers immobilized a uracil Cu(II) complex by covalent
grafting on the surface of «-ZrP nanoparticles [97]. The catalyst was used in the Morita—
Baylis-Hillman reaction of methyl acrylate, 2-cyclopentenone, or acrylamide with aryl alde-
hydes (Scheme 7a) [97]. The catalytic cycle involved the activation of the &,(3-unsaturated
substrate by uracil organocatalysis, while the Cu?* Lewis acid center activated the process
through interaction with carbonyl groups. Later, in 2020, the same catalyst was used for
the synthesis of benzimidazoles via the Cu?*-catalyzed C-H functionalization of benza-
mides (Scheme 7b) [78]. The catalyst was reused for seven runs in both examples. A slight
decrease in activity was observed until the fourth cycle, but a significant drop occurred
thereafter, despite the recovered catalyst maintaining its textural properties and showing
no leaching.
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Scheme 7. Catalytic activity for a-ZrP/Uracil/ Cu?*. (a) Morita-Baylis-Hillman reaction; (b) Synthesis
of 2aryl benzoimidazoles.

Abrishami and coworkers prepared nickel [98], copper, and zinc zirconium phosphate
nanocatalysts [99] through «-ZrP ion exchange with the corresponding metal acetate for the
synthesis of 5-substituted-1H-tetrazoles via the [3+2] cycloaddition between various nitriles
and sodium azide (Scheme 8). CuZrP and ZnZrP worked well in DMF as the solvent, showing
good catalytic activity (35-99% yield; 2.5-24 h) [99], while NiZrP exhibited higher catalytic
activity using DMSO as the solvent, resulting in high yields (13 examples; 65-99%) in shorter
reaction times (20 min-5 h) [98]. The interactions of nitrogen atoms of nitrile and azide with
the metal ions accelerate the cycloaddition step compared to simple ZrP. The catalysts were
recovered and reused for five runs, showing only a slight decrease at the fifth cycle.

NI
| N
. N
NizrP N
DMS0,120 °C R
_N 20 min-5 h 13 examples
Q// 65-99% yield
+ NaN —
alNg N’N\
R By
N
CuZrP or ZnZrP H
DMF, 120°C R
2.5-24 h 14 examples

CuZrP: 35-98% yield
ZnZrP: 50-99% yield

Scheme 8. Synthesis of tetrazole over Ni, Cu, and ZnZrP.

In 2015, Casciola and coworkers prepared ZP/xAgCl composites with different
amounts of AgCl by reacting hydrochloric acid with silver-exchanged nanosized ZrP
samples [100]. The catalytic activity of the ZP/AgCl composites was tested in the pho-
todegradation of Rhodamine B under UV irradiation with a halogen lamp at room tem-
perature. The composite ZP/1.16AgCl was the best photocatalyst, achieving complete
chromophore degradation within 15 min. Moreover, the photocatalyst was recovered and
reused for three runs, achieving the complete degradation of Rhodamine B in 10 min by
the third catalytic cycle, which is significantly faster than the fresh catalyst.
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Tin-doped o-ZrPs with different Sn/Zr ratios (0.25-1) were obtained through the
impregnation of crystalline zirconium phosphate with SnCly by Harmalani and coworkers
in 2021 [101]. The textural properties of the materials were affected by the addition of
Sn, showing a decrease in crystallinity and increases in surface area and pore volume,
which contribute to their catalytic activity. The materials were tested in the photocatalytic
degradation of dyes, and a significant increase in catalytic activity was observed with the
increasing amount of tin.

The oxidation of styrene was achieved by Khare and coworkers in 2015 using iron-
exchanged zirconium phosphate, ZrP-Fe(Ill), under solvent-free conditions with tert-butyl
hydroperoxide as an oxidant [102]. In the best conditions, benzaldehyde (84.75% selectivity)
and styrene oxide (10.85% selectivity) with a conversion of 28.81% were obtained after 5 h.
The catalyst retained its textural properties and catalytic activity for up to three runs.

In 2023, Hou and coworkers achieved the selective oxidation of phenol into the highly
valuable platform molecule, cis,cis-muconic acid, using copper-exchanged ZrP and in situ-
generated performic acid under mild reaction conditions (30 °C; 2 h) (Scheme 9) [103]. The
authors demonstrated that a-ZrP exhibited preferential selectivity towards dihydroxyben-
zene, while the Cu(Il)-O-P linkage in o-ZrP-supported copper catalysts was the catalytically
active species for the further oxidative cleavage of catechol to cis,cis-muconic acid (66%
conversion with 60% selectivity). Moreover, the strong Cu(II)-O-P interaction endowed
the catalyst with high stability and recyclability for up to four runs. However, a drop in
selectivity (from 60% to 50%) was observed in the fifth cycle due to a reduction in the
copper content (from 4% to 3.2%).

OH
©/OH Cu/zrP @OH o =
> —_— — 0]
HCOOH/H,0, OH HO
30 °C, 2h
catechol cis,cis-muconic acid

Scheme 9. ZrP-supported copper catalyst for selective oxidation of phenol to cis,cis-muconic acid.

Hierarchical porous zirconium phosphonate with a multi-nitrogen heterocyclic struc-
ture (ZrDP) was synthesized by Xu and coworkers in 2024 [104]. This porous material,
with a high surface area (408.6 m?/g) and strong metal coordination ability, was used
to immobilize Cu(Il), Fe(IlI), and Co(II) metal ions. The Cu@ZrDP composite exhibited
excellent catalytic activity in the selective oxidation of benzyl alcohol to benzaldehyde in
DMEF at 80 °C for 8 h using air as the sole oxidant (67.7% conversion; 90.2% selectivity).
Recovery and reuse tests showed stable catalytic efficiency for up to five cycles. These
results, along with the hot filtration test, confirmed the high stability of the composite,
which was attributed to the strong coordination of the metal ions with the multi-nitrogen
heterocyclic structure in the ZrDP framework.

The epoxidation of olefins to epoxides is a crucial process in fine chemical manufac-
turing, providing essential building blocks for pharmaceuticals, agrochemicals, and epoxy
resins. Developing efficient, environmentally benign, and recoverable catalysts for this re-
action remains a significant research challenge. In 2015, Zhang and coworkers immobilized
a methyltrioxorhenium complex (MTO) on the surface of zirconium phenylphosphonate
(MTO/ZrPP) using a conventional impregnation method for the epoxidation of cyclohex-
ene [105]. Excellent catalytic activity and selectivity were obtained under mild conditions
using urea-hydrogen peroxide as the oxidant (92.2% yield with 100% selectivity). Filtration
tests and DFT calculations revealed that MTO is strongly anchored to the support surface
through favored hydrogen bonding interactions between the two oxo ligands of MTO and
two hydrogen atoms from the adjacent phenyl groups of ZrPP.

The asymmetric epoxidation of alkenes was achieved by Zou and coworkers in
2017 by immobilizing a chiral MnlII(salen) complex on modified zirconium poly(styrene-
phenylvinylphosphonate) (ZPS-PVPA) and zirconium poly(styrene-isopropenyl phospho-
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nate) (ZPS-IPPA) through the covalent grafting method [106]. The supported catalyst
ZPS-PVPA-Mn-Salen, with a larger pore diameter and surface area, was found to be more
active than the ZPS-IPPA-based catalyst and showed higher chiral induction (ee 83%) com-
pared to the corresponding homogeneous catalyst (ee 54%) for the asymmetric epoxidation
of a-methylstyrene using NaClO as the oxidant. The catalysts were recycled for up to
11 runs, with only a slight decrease in activity observed until the eighth cycle. However, a
drop in reactivity and selectivity was observed thereafter.

Metal-Salen intercalated «-ZrP catalysts (a-ZrP-M (Salen), where M = Mn(Il) and
Fe(IIl)) were synthesized in situ by Khare and coworkers using zirconium phosphate
ion exchange with Mn(OAc), or FeCls, followed by intercalation with Salen using the
flexible ligand method [107,108]. In 2016, the authors tested the activity of a-ZrP-Mn
(Salen) for the catalytic oxidation of cyclohexene using tert-butyl hydroperoxide (TBHP)
as the oxidant [107]. Under optimized conditions (conversion 85.5%), cyclohexenone was
obtained as the major product (67.8% selectivity). Moreover, the catalytic system was reused
for three runs with negligible loss of activity. In 2017, the authors used the Mn(Il) and
Fe(III) materials for the oxidation of cyclohexane with TBHP [108]. It was found that the
reactivity of «-ZrP-Fe (Salen) was greater than its analogous Mn(Il), achieving a conversion
of 29.30% and a selectivity for the cyclohexanol/cyclohexanone mixture (KA oil) of 97.20%.
Additionally, o-ZrP-Fe (Salen) was recycled for five runs, maintaining stable activity until
the third cycle, with a slight drop observed thereafter.

In 2016, Khare and Shrivastava immobilized transition metal-salicylaldimine com-
plexes onto the x-ZrP surface through covalent grafting (x-ZrP-M(salicylaldimine), where
M = Co, Mn, and Cu) for the oxidation of cyclohexane with TBHP [109]. The best result
was obtained with «-ZrP-Co(salicylaldimine), which showed a conversion of 14.18% and a
KA oil selectivity of 92.33%. No leaching of Co was detected, and stable catalytic activity
was observed for five runs.

In 2019, Lu and coworkers prepared two Mn-based catalysts, ZSPS-PVPA-Salen Mn(III)
(A) and ZAMPS-PVA-Salen Mn(III) (B) (Scheme 10), for CO, fixation by cycloaddition
to propylene oxide [110,111]. The Mn(II)-Salen complex was immobilized on organic—
inorganic zirconium polystyrene phosphonates with different carbon chains and different
organic groups (SO3~ or NH,;) (Scheme 10). The best catalytic activity was obtained with
catalyst A with n = 2, achieving a conversion of 95.8% at 120 °C for 4 h. Additionally, the
catalyst was used in the cycloaddition of CO; to various epoxides, consistently showing
high conversion and selectivity (four examples; 90.9-94.2% conversion with 90.7-96.1%
selectivity) and was recycled for seven runs. A slight decrease in activity was observed due
to Mn-complex decomposition under cycloaddition conditions.

0
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Scheme 10. Zirconium polystyrene phosphonate-supported Salen-Mn(II) complex, ZSPS-PVPA-Salen
Mn(III) (A) and ZAMPS-PVA-Salen Mn(III) (B).
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In 2024, Hou and coworkers developed a Ru(Il) complex intercalated into exfoliated
«-ZrP, modified with the ionic liquid BMINOAC, for the N-formylation of amines with
CO; and H; under biphasic reaction conditions [112]. Studies indicated that the reaction
occurred within the ZrP interlayers, where CO,, H;, and amine molecules were simultane-
ously activated, enhancing the reaction rate through reactant enrichment. The ionic liquid
not only facilitated the further exfoliation of ZrP but also promoted amine enrichment in
the interlayer via hydrogen bonding interactions. Meanwhile, CO, molecules benefited
from the synergistic effect between the imidazolium cation and the phosphate groups of
ZrP. Furthermore, the Ru(Il) complex intercalated into exfoliated ZrP (10BMINOAc_Ru-ZrP
catalyst) exhibited significantly higher activity compared to crystalline ZrP (Ru-x-ZrP),
highlighting that exfoliation and intercalation were crucial for achieving high catalytic effi-
ciency. This method was successfully applied to a range of aliphatic amines (nine examples;
90-96% conversion and 99% selectivity), though it was less effective for the formylation
of aniline (16% conversion). The catalytic system was successfully recovered and reused,
maintaining stable activity even after seven cycles.

6. ZrPs as Supports for Metal NPs and Metal Oxide NPs Immobilization

Metal nanoparticles (MNPs), with their high surface-to-volume ratio, are widely uti-
lized in various fields, including bio-diagnostics, medicine, drug delivery, pharmacology,
energy production, and environmental remediation [113-116]. They are also effective as
catalytic systems, facilitating a range of chemical transformations such as C-C coupling,
reduction, and oxidation reactions [117-124]. The efficiency of these nanocatalysts is highly
dependent on factors like nanoparticle size and shape, the stabilizing ligands used, and
the nature of the support material. The immobilization and stabilization of MNPs on solid
supports are of particular interest in heterogeneous catalysis, as this approach is key to
achieving sustainability, high activity, and recyclability. Suitable supports are chosen to pre-
vent particle migration and aggregation, which can reduce catalytic efficiency. Additionally,
the solid matrix enhances catalytic performance by ensuring a homogeneous distribution of
active sites and minimizing catalyst leaching. In this context, layered zirconium phosphate
and phosphonates, with their high surface area, chemical and thermal stability, tunable
structural features, and high capacity as cation exchangers, offer attractive support for
metal nanoparticles. The immobilization process typically involves ion exchange with the
metal cation, followed by its reduction to metal nanoparticles. Examples of both precious
and non-precious MNPs immobilized on ZrPs and their catalytic applications are presented
in Table 5.

Table 5. Zirconium phosphates as supports for metal NP and metal oxide NP immobilization and
their application in heterogeneous catalysis.

Catalyst Preparation Methods MNPs Size Catalyzed Process Ref.
Exfoliated ZrP ion exchange with Hvdrodeoxveenation

Ni/ZrP Ni(NOj3), and reduction with H, 30.3 nm fySI—(I)MeFO ygenatio [125]
flow at 400 °C ©
Impregnation with Ni(NO3),,

Ni/ZrP calcination, and reduction with Hy - . [126]
flow at 550 °C Depolymerization

. . of lignin

Pd@ZrP Imp.regr}atlon with PA(NO3), and 11.9 nm [127]
calcination
Impregnation with Co(NO3), and

Ru/CoO/ZtP .calcmatlon. followed by ) [128]
impregnation with RuCl;, Hvd lvsis of
calcination, and reduction ly rogleno ysis o
Impregnation of tungsten modified grycero

t X-£1 P wit 2 PtClg-, calcination, an —6 nm
Pt/7WOx-ZrP ZrP with HyPtCl Icinati d 3-6 [129]

reduction
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Table 5. Cont.
Catalyst Preparation Methods MNPs Size Catalyzed Process Ref.
Impregnation with Na, WO, and Alcoholysis of
WOx/Z:P calcination at 300 °C polylactic acid [130]
. Impregnation with Ni(NO3), and Hydrolysis/hydrogenation
NiZrP2 reduction with H, flow at 400 °C 20 nm of cellulose [151]
. Impregnation, calcination, and
Co/ZrP and Ni/ZrP reduction with H, flow at 500 °C 5nm, 29 nm Hodrod ' [132]
Impregnation with Ni(NO3),, f}i' e egxy.gen.a tion
Ni/ZrP calcination, and reduction with H, 20.74 nm ot lignin derivatives [133]
flow at 550 °C
Mechanochemical synthesis and Glycerol oxidation to
2V/ZrP-m calcination at 550 °C <4nm formic acid [134]
Ru-ZrP Io¥1 exchange Wlth RuCl; apd 314 nm Hydrogenation of [135]
microwave-assisted reduction acetophenone
. Photocatalytic
CdS QD@ZrP lon exchange with Cd(O.AC)2 2-6 nm oxidation of benzyl [136]
followed by treatment with Na,S
alcohol
TiO,_y cluster grafted on ZrP .
ZrP-Ti nanosheet via chemical bonding 2-5nm Photodegradation [137]
. of dyes
with P element
Pd@ZPGly Impregnation with Pd(OAc), 2-5nm [138,139]
Impregnation with Pd(OAc), and g
Pd@MZ:P reduction with NaBHy 7-8nm Suzuki reactions [140]
Impregnation with Pd(OAc), and
Pd@ZrCP reduction with NaBHy4 5nm [141]
PANP/ a-ZrPK g\gggnatlon with Pd(OAc); in 5-15 nm [142]
Pd@ZPGly Impregnation with Pd(OAc), 2-5nm Heck reactions [139]
Adsorption of Pd(NH3)4Cl, and
pd@ZxP reduction with NaBHy 3-7nm [143]
Pd@ZPGly Impregnation with Pd(OAc), 2-5nm [144]
Impregnation with HAuCly and
Au@ZP(AEP) reduction with NaBH, 7.8 £24nm [145]
g Impregnation with HAuCly and
ZrP-SH(Au) reduction with NaBHy 2+ 1nm [146]
. Impregnation with HAuCly and
Au/ZxP composite reduction with Na-citrate 15nm [147]
Ion exchange with
Ag@C/ZrPP [Ag74(C=CPh)ss](NOs); cluster, 1-2 nm [148]
carbonization, calcination, and
redustlon . o Nitroarenes reduction
Ag" impregnation and in situ
ZrP@PDA/Ag reduction on ZrP nanosheets coated  29.6 nm [149]
with polydopamine
Au®* impregnation and in situ
ZrP@PDA /Au reduction on ZrP nanosheets coated 6.5 nm [150]
with polydopamine
Impregnation with AgNO;3,
Ag/ZrP calcination, and reduction with 6.5 nm [151]
NaBHy4
Impregnation with H,PtCl, and g
Pt/ZxP reduction with H, flow at 200 °C 8-11nm [152]
Adsorption of Pt(NH3)4Cl, on ZrP
Pt/ZrP nanosheet and annealing at 400 °C 1.4 + 0.3 nm NOx reduction [153]




Catalysts 2024, 14, 733

25 of 37

In 2018, Liu and coworkers prepared Ni nanoparticles immobilized on exfoliated ZrP
through ion exchange with Ni(NOs),, followed by calcination and reduction under Hp
flow at a high temperature [125]. TEM images revealed Ni particles with an average size
of about 30 nm on the «-ZrP layers. The catalytic activity of Ni/ZrP was tested in the hy-
drodeoxygenation of 5-HMF to 2,5-dimethylfuran (DMF). The synergistic effect of metallic
Ni and Zr** Lewis acidic sites from o-ZrP support was favorable for the hydrogenolysis of
C—OH groups of HMF, achieving a 100% conversion of HMF and a 68.1% yield of DMF at
240 °C and 5 MPa Hj over 20 h. The catalyst retained its activity for up to five runs.

In 2019, Li and coworkers achieved the depolymerization of lignin via a hydrogenoly-
sis process using NiNPs supported on zirconium phosphate by using isopropanol as both
the hydrogen donor and solvent under 2 MPa H, at 260 °C [126]. The synergistic effect
between the Lewis and Brensted acids of ZrP facilitated significant hydrogen production,
while metallic Ni acted as the active center for catalytic hydrogenolysis. The amount of Ni
was crucial for effective lignin depolymerization, with the yields of phenolic monomers in-
creasing as Ni loading increased; 15% Ni(0) loading resulted in the highest conversion and
selectivity. Moreover, this material is reusable, maintaining satisfactory lignin conversion
and para-ethylphenol yield even after four consecutive runs.

Very recently, Singh and coworkers achieved the depolymerization of poplar lignin
residue, derived from cholinium lysinate ([Ch][Lys]) ionic liquid-based biorefinery, into
guaiacols using a zirconium phosphate-supported palladium catalyst [127]. This catalyst
was prepared by impregnating ZrP with Pd(NO3),, followed by calcination. High conver-
sion (>80%) and a high yield of guaiacols, up to 200 mg per g of lignin, were obtained along
with good reusability of the nanocatalyst for up to four runs.

In 2020, Hou and coworkers developed a zirconium phosphate-supported Ru/CoO
bimetallic catalyst for the direct hydrogenolysis of glycerol to propanal in a continuous
flow reactor at 270 °C and 2 MPa H; [128]. The Brensted acid sites on ZrP were crucial for
the dehydration of glycerol into acrolein, while the cooperative effect of Ru(0) sites and
finely dispersed CoO species facilitated the selective hydrogenation of the conjugated C=C
bond in acrolein, yielding propanal. The catalyst achieved full glycerol conversion and
80.2% selectivity for propanal, with high stability for at least 50 h of long-term performance.
Additionally, the catalyst could be regenerated for reuse simply by calcining in air to
remove carbonaceous deposits.

In the same year, the same authors investigated the effect of tungsten modification on
a zirconium phosphate-supported Pt catalyst for the selective hydrogenolysis of glycerol to
1-propanol in a continuous flow reactor at 270 °C and 2 MPa Hj [129]. The incorporation of
WOx species increased the total acidity, enhanced the dehydration of glycerol into acrolein,
and improved the dispersion of PtNPs, which facilitated H, dissociation and subsequent
hydrogenation to 1-propanol. The nanocatalyst achieved full glycerol conversion, yielding
81% of 1-propanol over at least 70 h of continuous reaction, and it could be regenerated by
calcination in air.

Very recently, Chen and coworkers synthesized amorphous ZrP-supported WOx active
sites with high surface area and enhanced acidity through impregnation with Na, WO, and
calcination at 300 °C for 4 h [130]. The resulting 10% WOx/ZrP catalyst showed excellent
activity in the methanol alcoholysis of polylactic acid (PLA) to produce methyl lactate
(MLA), which can be further converted to lactide, thus enabling a sustainable process for
the chemical upcycling of end-of-life plastics. The MLA yield reached 94.5% within 4 h at
160 °C, outperforming traditional solid acids due to the abundance of WOx active sites and
strong acidity. Additionally, the 10% WOx/ZrP catalyst demonstrated versatility in the
alcoholysis of discarded PLA-based products and was reusable for at least five cycles.

The direct synthesis of hexitols from microcrystalline cellulose and birch over zirco-
nium phosphate-supported NiNPs nanocatalysts was reported by Zhang and coworkers in
2021 [131]. The study highlighted that the match between the acidity of the ZrP support,
modulated by the P/Zr ratio, and the hydrogenation activity of NiNPs was crucial to inhibit
humin formation and enhance sorbitol production from cellulose. The optimal catalyst was
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Ni/ZrP2 (P/Zr = 2), with a Ni loading of 20%, that allowed for a 60.8% yield of sorbitol to
be obtained when microcrystalline cellulose was used as the substrate under 5 MPa H, at
200 °Cin 5 h.

In 2019, Lee and coworkers reported the catalytic hydrodeoxygenation of lignin-
derived guaiacol to cyclohexane using Co/ZrP and Ni/ZrP catalysts at 573 K and 70 bar
Hj [132]. The study identified two distinct reaction pathways via major intermediates:
(i) the 2-methoxycyclohexanol route, involving the hydrogenation of guaiacol with Ni/ZrP,
where cyclopentanemethanol and methylcyclopentane byproducts were also observed,
and (ii) the phenol route, involving the demethoxylation of guaiacol with Co/ZrP, which
resulted in a high cyclohexane yield (76%).

Similarly, the catalytic hydrodeoxygenation of lignin-derived vanillin to 2-methoxy-4-
metilphenol, using a nickel-supported ZrP catalyst at 220 °C and 0.5 MPa H,, was reported
by Zhang and coworkers in 2022 [133]. Compared to various metal phosphates (TiP, NbP,
LaP, and CeP), Ni/ZrP showed the highest activity, attributed to its small Ni particle size
(20.74 nm), large specific surface area, optimal acidity, and strong metal-support interaction.
The Lewis acid sites on ZrP promoted vanillin adsorption and activation, Brensted acid
sites favored dehydration, and Ni nanoparticles facilitated H, dissociation. A high vanillin
conversion of 97.25% and an 88.39% yield of 2-methoxy-4-methylphenol were achieved in
30 min. The catalyst also demonstrated good recyclability, with no significant activity loss
up to the fourth cycle.

In 2019, Hou and coworkers developed a zirconium phosphate-supported vanadium
catalyst through mechanochemical synthesis followed by calcination (2V/ZrP-m) [134].
This catalyst showed high catalytic activity for glycerol oxidation to formic acid by using
O; (3 MPa) as the terminal oxidant in an aqueous medium at 170 °C. The process achieved
high glycerol conversion (85.6%) and formic acid yield (53.5%), with good reusability
for up to five cycles. The vanadium species (primarily V>*), with an average size of less
than 4 nm, were highly dispersed and exhibited strong interactions with the ZrP support,
enhancing both the activity and stability of the catalyst. Additionally, a synergistic effect
was observed between the Lewis acid sites of the ZrP support, which facilitated glycerol
activation, and the vanadium species, which were responsible for glycerol dehydrogenation
and subsequent oxidation to formic acid.

In 2020, Zhang and coworkers reported the preparation of small-sized Ru nanoparticles
immobilized on «-ZrP nanoplatelets through ion exchange followed by microwave-assisted
reduction [135]. This catalyst was applied in the hydrogenation of acetophenone, where
it demonstrated significantly improved catalytic performance compared to pure «-ZrP
nanoplatelets. The Ru-ZrP catalyst achieved full conversion of acetophenone under 4 MPa
H; at room temperature within 2 h, with a yield of 1-cyclohexylethanol reaching up to 95%.
The catalyst maintained its activity over five recycling runs, with only a slight decrease
observed in the fifth cycle.

In 2022, Gogoi and coworkers utilized o-ZrP as a crystalline support for CdS quantum
dots [136]. The resulting composite, featuring CdS quantum dots with an average size in
the range of 2-6 nm homogeneously dispersed over x-zirconium phosphate, was tested
for its photocatalytic performance in the oxidation of benzyl alcohol to benzaldehyde in
acetonitrile under visible light irradiation. The photocatalyst achieved a 90% conversion
with 99% selectivity and maintained its efficiency for up to five cycles. Only a slight
decrease in performance was observed thereafter, attributed to catalyst decomposition, as
evidenced by FT-IR spectra and powder X-ray diffraction patterns.

In 2015, Liu and coworkers immobilized TiO,_y clusters with an average particle size
in the range of 2-5 nm using a modified post-grafting method via chemical bonding with the
P element on both faces of «-ZrP nanosheets (ZrP-Ti) [137]. The obtained nanocomposites
showed enhanced visible light absorption properties compared to pure TiO;, resulting in
improved photocatalytic activities in the photodegradation of methylene blue under solar
irradiation. The best catalytic performance was obtained over ZrP-Ti with the P/Ti molar
ratio of 1:1, achieving a degradation efficiency of 100%. This improvement was attributed



Catalysts 2024, 14, 733

27 of 37

to the highly accessible TiO,_ clusters and the enhanced optical properties resulting from
the P doping effects.

Palladium nanoparticles (PANPs) have garnered significant attention due to their
unique electronic and chemical properties, making them highly efficient as heterogeneous
nanocatalysts for various organic transformations [117]. Among these, Pd-catalyzed carbon-
carbon (C-C) coupling reactions, such as the Suzuki-Miyaura and Heck reactions, are
particularly noteworthy and extensively applied in the synthesis of natural products, agro-
chemicals, pharmaceutical intermediates, and materials science. Despite their advantages,
a key challenge in using PANPs lies in their recoverability and reusability, as well as min-
imizing metal leaching, given palladium’s precious nature. To address these challenges,
supporting PANPs on stable materials has become an effective strategy to enhance catalytic
activity, stability, and ease of recovery. Among various supports, layered zirconium phos-
phates (ZrPs) have emerged as promising candidates. Their high surface area, chemical
stability, and tunable properties provide an excellent platform for stabilizing PANPs, pre-
venting aggregation, and ensuring a uniform distribution of active sites, thereby enhancing
the overall catalytic performance in C-C coupling reactions [11].

In 2015, Nocchetti, Vaccaro, and coworkers prepared a zirconium phosphate—-carboxya
minophosphonate nanosheet (ZPGly) through exfoliation with propylamine in water [138].
The stable colloidal dispersion of single sheets was used as a support for the immobilization
of Pd nanoparticles through impregnation with Pd(OAc); for 15 days. This process resulted
in the homogeneous dispersion of Pd nanoparticles on the sheet surfaces with an average
size of 2 nm (Pd@ZPCly). The catalytic activity of this nano-material was first tested in
the Suzuki-Miyaura coupling of phenylboronic acid and aryl bromides, performed in a
flow reactor at 70 °C using ethanol (EtOH 96%) as the solvent and K,COs as the base. The
products were isolated with high yields (96-98%) simply by removing the solvent under
reduced pressure. The catalyst was reused for three consecutive runs, consistently yielding
the desired product with a 97% yield and negligible Pd leaching (3-5 ppm). In 2017, the
same authors compared the catalytic activity of different PdA@ZPGly samples obtained by
contacting ZPGly dispersion with palladium acetate solutions for 1, 7, and 15 days in the
Suzuki-Miyaura reaction under both batch and flow conditions [139]. The best catalyst,
Pd@ZPGly-15, used in low amounts (0.1 mol % Pd), demonstrated the highest catalytic
activity and the lowest Pd leaching across a wide range of substrates (12 examples; 92-99%
yield) (Scheme 11). Moreover, the sustainability of the protocol was significantly improved
by using the heterogeneous K,COs/EtOH 96% system, as no purification step was required
(E-factor 27.7 in batch). This value was notably reduced in a large-scale flow protocol by
recovering the ethanol reaction medium through distillation (E-factor 3.2).

In 2018, Gogoi and coworkers developed a Pd catalyst for Suzuki-Miyaura cross-coupling
reactions by immobilizing Pd nanoparticles on mesoporous zirconium organo-phosphonates
through the impregnation of Pd(OAc),, followed by reduction with NaBH, [140]. The result-
ing nanocatalyst (Pd@MZrP) featured palladium nanoparticles with an average size of 7-8 nm,
homogeneously dispersed on the zirconium phosphonate framework. The catalyst exhibited
good yields for a wide range of substrates (12 examples; 22-92% yield) and maintained its
effectiveness for up to five runs with only a slight decrease in yield.

The same authors also developed an efficient catalyst for the Suzuki-Miyaura cross-
coupling reaction by immobilizing Pd nanoparticles onto a layered zirconium carboxyphospho-
nate support through impregnation with Pd(OAc),, followed by reduction with NaBH4 [141].
The resulting catalyst (Pd@ZrCP) featured mixed-valent Pd(0)/Pd(Il) nano-sized aggregates
with an average size of 5 nm, homogeneously distributed over the zirconium carboxyphos-
phonate framework. Under optimized reaction conditions, the catalyst provided very high
catalytic activity, characterized by an exceptionally short reaction time of 2 min and a high
turnover frequency of 1.3 x 10* h~!. Additionally, the catalyst exhibited excellent recyclability,
maintaining its performance for up to five runs with no detectable Pd leaching in either the
isolated reaction products or the reaction medium.
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Scheme 11. Catalytic application of PdA@ZPGly in C-C coupling and reduction reactions.

A clean Heck reaction, catalyzed by palladium nanoparticles immobilized on layered
potassium zirconium phosphate (PANP/ «-ZrPK) in a CH3CN/H,O azeotrope as a green
recoverable medium, with triethylamine as the base at 120 °C, was reported by Piermatti,
Vaccaro, and coworkers in 2015 [142]. High yields were achieved in batch conditions for
the Heck reaction of methyl acrylate and styrene with various aryl iodides (17 examples;
67-99%). To further enhance the experimental procedures and catalyst efficiency, the pro-
cess was optimized under flow conditions by using polystyrene-supported triethylamine
(PS-TEA), allowing for the isolation of the final product without any purification step,
resulting in a very low residual palladium content (6 ppm) and extremely low waste
production (E-factor 4.6).

In 2017, the same authors compared the catalytic activity of PANP/o-ZrPK with
Pd@ZPGly, which had already been used as a catalyst in the Suzuki-Miyaura reaction,
in the Heck coupling reaction (Scheme 11) [139]. The reactions were conducted in a
CH3CN/H;0 azeotrope as a green, recoverable medium, with TEA as the base at 120 °C
for 3 h. The catalyst exhibited high catalytic activity, and the products were isolated in
high yield (10 examples, 74-98%). When the Heck reaction was performed in a flow
reactor using PS-TEA as the base, an extremely low Pd content (2 ppm) was detected.
This result highlighted the remarkable ability of phosphate—carboxyaminophosphonate
groups present on the surface of the nanosheets to stabilize Pd nanoparticles. Moreover,
the catalyst retained its catalytic activity over six consecutive runs.

In 2022, Tong and coworkers obtained Pd nanoparticles supported on «-zirconium
phosphate nanosheets as catalysts for the Heck reaction of methyl acrylate with aryl
iodide in dimethylformamide (DMF) as the solvent, with Et3N as the base at 100 °C for
20 min-3 h [143]. The Pd@ZrP nanocatalyst exhibited excellent catalytic activity, achieving
a TOF value of 937.3 h™! when iodobenzene and methylacrylate were used as substrates. In
addition, the catalyst was easily recovered by centrifugation and reused for up to six runs
without a significant decrease in catalytic activity, although a drop was observed thereafter.



Catalysts 2024, 14, 733

29 of 37

The reduction of nitroaromatics is a crucial reaction in the synthesis of fine chemicals,
serving as a key step in the production of a wide range of valuable compounds, including
anilines and azo- and azoxy-compounds, which are important intermediates in the manu-
facture of pharmaceuticals, agrochemicals, dyes, and polymers [154-157]. The ability to
perform this reaction under mild conditions with high selectivity is of great significance as it
contributes to the development of more sustainable and environmentally friendly chemical
processes. Accordingly, numerous procedures have been developed for the reduction of
nitroaromatic compounds which use supported metal nanoparticles [158-162]. Among
these, zirconium phosphate and phosphonate-supported metal nanoparticles, primarily Pd,
Au, Ag, and Pt, have been widely used for the selective reduction of nitroarenes (Table 5).

In 2018, Liguori utilized Pd@ZPGly, prepared using 20% of the ion exchange capacity
of propylamine and with a low Pd loading, for the hydrogenation of nitroarenes in methanol
solution at room temperature and 5 bar of H, (Scheme 11) [144]. High conversion and good
selectivity were observed across a variety of nitroarenes (4 examples; 84-100% selectivity),
with complete dehalogenation achieved for 4-bromonitrobenzene. The catalyst was also
employed for the selective hydrogenation of alkynes, achieving high TOF and excellent
selectivity towards the desired Z-alkene (Z-sel. 89.9-99.9%) (Scheme 11). Stable catalytic
activity was maintained upon recycling, with negligible metal leaching into the solution.

A large number of reports highlight the use of ZrP-supported Au nanoparticles for
the selective reduction of nitroarenes. In 2019, Pica, Piermatti, Vaccaro, and coworkers
reported the use of a zirconium phosphate aminoethyl phosphonate, ZP(AEP), bearing
aminoethyl groups on the layer surface, to immobilize AuNPs with an average size of
7.8 nm [145]. The gold-based catalyst proved to be effective for the chemoselective and
switchable reduction of nitroarenes to their corresponding azoxyarenes or anilines, simply
by performing the reaction in 96% ethanol or absolute ethanol, respectively, by using
NaBHyj as a reducing agent. Good to excellent yields were obtained for a wide variety of
nitroaromatics, and stable catalytic activity was obtained over five runs. Moreover, the
reactions were optimized under flow conditions to define a simpler and greener protocol
for obtaining the two possible products. An increase in the efficiency and stability of the
catalyst, with very low Au leaching, was observed when switching from batch to flow
conditions, attributed to the stable packing inside the reactor.

In the same years, Sun and coworkers [146] and Chung and coworker [147] obtained
AuNPs immobilized on ZrP nanosheets modified by grafting with y-propyl mercap-
totrimethoxysilane (ZrP-SH) and N!-(3-trimethoxysilylpropyl)diethylenetriamine (A-ZrP),
respectively. These supported AuNP nanocomposites were used as effective catalysts
for the reduction of 4-nitrophenol to aminophenol in water, with the reaction progress
monitored through UV-vis absorption spectroscopy, using NaBH, as the reductant. Al-
though the gold nanoparticles on the thiol-functionalized ZrP (ZrP-SH/Au) were much
smaller than those on the amino-functionalized ZrP (Au/A-ZrP) (2 nm vs. 15 nm), the
latter exhibited significantly higher activity, achieving complete conversion in just 180 s at
room temperature. Furthermore, the catalyst maintained its performance over 10 cycles
with negligible loss of catalytic activity.

Zirconium pyrophosphate-supported Ag nanoclusters, with a very small size of
1-2 nm, were developed by Chen and coworkers in 2019 [148]. The preparation involved
the intercalation of o-ZrP with the [Agy4(C=CPh)44](NO3); cluster, followed by carboniza-
tion, calcination, and reduction under H;. The resulting catalyst, Ag@C/ZrPP, was tested
in the hydrogenation of a series of nitroaromatics in tetrahydrofuran under 4 MPa H,
pressure. The catalyst demonstrated high yields of aniline derivatives and excellent re-
cyclability, maintaining performance over six cycles with very low Ag leaching. The
zirconium pyrophosphate support not only stabilized the Ag clusters but also enhanced
the adsorption/activation of nitroarene substrates through its strong Brensted and Lewis
acid sites.

Xu and coworker utilized «-ZrP nanosheets coated with polydopamine (PDA) to
immobilize silver NPs [149], and in a more recent study, they used gold NPs [150] through
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impregnation and the in situ reduction of Ag* or Au*?. The resulting ZrP@PDA/Ag
nanocatalyst featured AgNPs with an average size of 29.6 nm, while the ZrP@PDA /Au
catalyst exhibited smaller AuNPs with a particle size of 6.5 nm. The catalytic activity of
these catalysts was evaluated through UV-vis absorption spectroscopy in the reduction
of 4-nitrophenol into 4-aminophenol in water by using NaBH, as a reducing agent. The
TOF achieved by ZrP@PDA / Au was as high as 38.10 min~1, which is higher than that for
ZrP@PDA /Ag (TOF 32.36 m~!) and significantly higher than that of some reported noble
metal-based catalysts. Moreover, ZrlP@PDA / Au showed high stability and reusability for
up to five runs.

In 2023, Hou and coworkers prepared ZrP-supported AgNPs with an average size of
6.5 nm through wet impregnation with AgNO3, followed by calcination and subsequent
reduction [151]. The catalyst exhibited high catalytic activity in the hydrogenation of
nitroarenes to azoxybenzene compounds in MeOH, using NaBHj, as a hydrogen source.
High yields and selectivity were achieved at room temperature in very short reaction times
(320 min) for a variety of nitroarenes. Furthermore, the Ag/ZrP catalyst was recycled eight
times with a negligible loss of activity, and no leaching of Ag species was observed. The
high activity was attributed to the surface acidic sites of ZrP, which not only stabilized the
highly dispersed AgNPs but also facilitated the adsorption and activation of the substrates.

In the same years, Hou immobilized platinum NPs with an average size of 8-11 nm on
the surface of amorphous ZrP through wetness impregnation with HpPtCl,, followed by
reduction with Hy flow [152]. The catalyst exhibited high catalytic performance in the se-
lective hydrogenation of nitrobenzene to p-aminophenol. A full conversion of nitrobenzene
and high selectivity to p-aminophenol (89%) were achieved in the presence of inorganic acid
and dimethylsulfoxide (DMSO) as cosolvents in water at 80 °C and 0.6 MPa Hy. Moreover,
the catalyst was reused for 14 consecutive runs without a significant decrease in activity
and selectivity. It was demonstrated that the nitro functional group was adsorbed on acid
sites of zirconium phosphate and reduced to N-phenylhydroxylamine by active hydrogen
on Pt(0) sites, followed by acid-site-catalyzed rearrangement to afford p-aminophenol.

In 2024, Machida and coworkers synthesized platinum nanoparticles (PtNPs) with
an average size of 1.4 nm by adsorbing Pt(NH3)4Cl, onto ZrP nanosheets, followed by
annealing at 400 °C for 3 h under air [153]. This catalytic system was successfully applied
in the selective catalytic reduction of NOx at 150 °C under H, /O, /He atmosphere. The
0.49 wt% Pt/ ZrP nanosheets exhibited high NO conversion (89%) and good Nj selectivity
(83%), and the recovered catalyst maintained its catalytic activity over three cycles. Further
investigation indicated that the small Pt particles, combined with a high loading of Pt on
the ZrP nanosheet structure, were crucial for achieving a high NO conversion rate while
minimizing NOx byproduct formation.

7. Conclusions

The exploration of zirconium phosphates and phosphonates (ZrPs) in heterogeneous
catalysis has revealed their versatility and effectiveness in enhancing catalytic processes.
Through careful adjustment of their structural and surface properties, ZrPs have been
shown to significantly impact the efficiency, selectivity, and sustainability of various cat-
alytic reactions. As catalysts or supports, they offer robust platforms for the dispersion
and stabilization of active species with the added benefit of facilitating catalyst recovery
and reuse. This makes them not only valuable in current applications but also promising
candidates for future advancements in green chemistry. The continued research and de-
velopment of ZrPs and their derivatives are expected to contribute substantially to the
evolution of more sustainable and efficient catalytic systems.
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