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lysts: a sustainable approach to
organic transformations

Mohadeseh Amiri, Zahra Vazehi, Masoumeh Abedini* and Farhad Shirini *

The increasing demand for sustainable and environmentally friendly catalytic systems has led researchers to

use natural resources to develop catalysts. In this line, tea, as a widely consumed beverage rich in bioactive

compounds such as polyphenols, has been proposed as an effective material for the synthesis of tea-

derived catalysts. These catalysts with unique properties such as high stability, reusability, and improved

catalytic activites have been successfully employed in various organic reactions such as reduction, two-

component catalytic reactions, multicomponent reactions, and miscellaneous reactions offering high

yields under mild and environmentally friendly conditions. This review article explores the preparation,

characterization, and application of these types of catalysts, highlighting their potential in transforming

organic reactions based on green chemistry rules and advancing sustainable synthetic methods.
Introduction

The development of sustainable and environmentally benign
catalytic systems has become a central theme in modern
organic synthesis, driven by the urgent need to reduce reliance
on toxic solvents, hazardous reagents, and energy-intensive
processes. Among the diverse approaches toward greener
catalysis, the utilization of biogenic, biomass-derived, and
plant-based catalysts has attracted signicant attention due to
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44303
their inherent renewability, low cost, and ability to mediate
diverse organic transformations under mild conditions. Plant
extracts, rich in polyphenols, avonoids, alkaloids, and terpe-
noids, provide an eco-friendly reservoir of reducing and stabi-
lizing agents that can facilitate the synthesis of nanomaterials
and catalytic systems with enhanced activity and recyclability.
These bio-derived systems offer not only a sustainable route for
catalyst production but also align with the broader principles of
green chemistry and circular economy by minimizing waste and
valorizing natural resources.1–4

Tea is one of the most widely consumed beverages world-
wide, characterized by its bitter and astringent taste, and
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produced from the leaves of the Camellia sinensis plant. The
main types of tea derived from Camellia sinensis include:5,6

1. Green tea.
2. Black tea.
3. White tea.
Tea infusions (or tisane) are beverages prepared by brewing

parts of plants unrelated to Camellia sinensis.7 Some of the most
commonly used teas are:8

1. Hibiscus tea (Hibiscus sabdariffa) – red tea or sour tea.
2. Fenugreek tea (Trigonella foenum-graecum).
3. Herbal tea extract (Stachys lavandulifolia).
4. Yerba Mate (Ilex paraguariensis).
While Camellia sinensis teas contain bioactive compounds

such as epigallocatechin gallate (EGCG), epicatechin gallate
(ECG), and theaavin, which are well known for their antioxi-
dant, anti-inammatory, and antimicrobial activities, other
herbal infusions also contain a variety of structurally diverse
phytochemicals with signicant biological activities.9–12 For
instance, Hibiscus sabdariffa is rich in delphinidin-3-
sambubioside, cyanidin-3-sambubioside, and chlorogenic
acid, while Stachys lavandulifolia provides apigenin, luteolin,
and rosmarinic acid.13–15 Similarly, Trigonella foenum-graecum
(fenugreek) contains diosgenin, trigonelline, and 4-hydrox-
yisoleucine, and Ilex paraguariensis (Yerba Mate) is an impor-
tant source of caffeic acid, chlorogenic acid, and
theobromine.16–18 The chemical structures of these compounds
are shown in Fig. 1, while the biogenic synthesis of chlorogenic
acid from glucose is schematically illustrated in Fig. 2.19 These
diverse phytochemicals serve as natural reducing and stabi-
lizing agents in nanocatalyst preparation, providing renewable,
eco-friendly, and cost-effective alternatives to conventional
synthetic methods.20,21

Moreover, many tea derivatives are not only valuable sources
of bioactive compounds but also serve as suitable substrates
and reaction media for the preparation of novel catalytic
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systems. Such catalysts can be efficiently designed and applied
as recoverable promoters in a variety of organic trans-
formations, including reduction, Suzuki coupling, two-
component, three-component, and other organic reactions.
The prepared systems demonstrate remarkable catalytic effi-
ciency, allowing reactions to proceed with good to high yields
within short, acceptable reaction times. This article provides
a concise review of these developments, emphasizing the role of
tea-derived compounds in the design of sustainable and effec-
tive catalytic systems.22,23
Biogenic nanoparticles and the role of plant materials in their
preparation

Biogenic nanoparticles represent an emerging class of catalytic
materials prepared using plant-derived metabolites as reducing
and capping agents. Unlike conventional chemical synthesis,
which oen requires high temperatures, toxic solvents, and
hazardous reducing agents, biogenic synthesis is typically con-
ducted under mild, aqueous conditions, generating nano-
particles with controlled morphology and stability.24 Plant
metabolites such as polyphenols, avonoids, and alkaloids
promote nucleation and growth of nanoparticles, while simul-
taneously preventing aggregation through surface passivation.
This dual role enables the formation of highly stable and cata-
lytically active nanostructures.25–27

The use of plant extracts in nanoparticle synthesis provides
several advantages: (i) simplicity and cost-effectiveness, since
no additional stabilizing ligands are needed; (ii) alignment with
green chemistry by reducing waste and eliminating toxic
reagents; and (iii) tunability, as the diversity of phytochemicals
across different plant species leads to nanoparticles with
distinct physicochemical properties.28–30 For instance, extracts
from Hibiscus sabdariffa have been employed for the green
synthesis of zinc oxide and copper oxide nanoparticles, yielding
systems with remarkable antibacterial and catalytic
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Fig. 1 Chemical structures of some important natural compounds present in the teas studied.
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activities.31,32 Similarly, Rhododendron arboreum extract has
been used to generate magnetically recoverable Fe3O4 nano-
particles exhibiting excellent recyclability in nitroarene
reduction.33

Reduction of nitro aromatics

Nitro aromatics are an important class of organic compounds
which in them at least one nitro group (–NO2) is covalently
44274 | RSC Adv., 2025, 15, 44272–44303
attached to a carbon atom of an aromatic ring.34,35 These
compounds are used in the pharmaceutical, dyeing, wood
preservatives, rubber making, pesticide and explosive
industries.36–38 Despite their wide-ranging applications, most
nitroaromatics are toxic, carcinogenic, and environmentally
persistent, and are commonly found in industrial effluents,
where their release into water sources causes serious environ-
mental problems.38,39
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Biogenic synthesis of chlorogenic acid from glucose.
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Various methods have been developed to remove these
harmful compounds from industrial wastewater, including:
absorption, coagulation, electrocoagulation,40 reverse
osmosis,41 biological and chemical decomposition,42 catalytic
oxidation under microwave,43 electrofenton,44 and photo-
catalytic degradation;45 however, many of these methods face
limitations such as low reaction rates and difficulties in nding
suitable microorganisms.

In recent years, catalytic hydrogenation of nitroaromatics
has attracted signicant attention as a green, economical, and
energy-efficient approach, effectively converting toxic
compounds into useful amines and removing them from the
environment.46–49

This goal can be reached via different ways which of them
the use of noble metals and sulfuric acid is the common one.50

Among the disadvantages of this process, we can mention the
use of corrosive mineral acid and the high cost of the noble
metals used. In recent years, utilizing green chemistry-based
methods has greatly developed. Based on this, the path of
catalytic reduction of nitrophenols to aminophenols in aqueous
environments under mild conditions has been widely
studied.51,52

In this line, biogenically prepared catalysts, using plant
extracts such as hibiscus tea, green tea, black tea and fenugreek
tea offer signicant advantages over traditional systems. These
extracts simultaneously function as green reducing agents and
stabilizing/capping agents. Polyphenols, avonoids, and
hydroxyl groups in the tea extracts reduce metal ions (Ag+, Pd2+,
© 2025 The Author(s). Published by the Royal Society of Chemistry
Au3+) to zero-valent nanoparticles (Ag0, Pd0, Au0) and initiate
catalytic activity, while the biological compounds in the extracts
form a protective layer that prevents nanoparticles aggregation
and maintains high dispersibility and stability of the catalyst.
This dual functionality eliminates the need for hazardous
chemical reducing or stabilizing agents, making the process
fully compatible with green chemistry principles.53–55

Overall, in green nitro group reduction reactions, the use of
biogenic catalysts prepared with plant extracts, which act as
reducing and stabilizing agents, offers advantages over
conventional reagents; these benets include increased reac-
tion rate, selectivity, and stability while maintaining mild
conditions.56–58 Furthermore, the synthesis of catalysts with
green hydrogen sources provides a safe, efficient, and environ-
mentally sustainable strategy for the reduction of nitro-
aromatics, converting these toxic compounds into valuable
amines under controlled and stable conditions, which serve as
essential intermediates for the synthesis of pharmaceuticals,
dyes, agrochemicals, and other valuable organic compounds.59

For this purpose, a variety of catalytic methods have been
reported which in them tea-based reagents play key roles.

In 2015, Wang and co-workers prepared a water-dispersible
Ag-TPG (tea polyphenols modied graphene) nanohybrid cata-
lyst using a facile in situ green reduction strategy.60

The requested catalyst was prepared by knowing that poly-
phenolic compounds extracted from green tea can effectively
reduce graphene oxide (GO) and adsorb on the surface of it. In
continue, by adding AgNO3, the surface adsorbed tea
RSC Adv., 2025, 15, 44272–44303 | 44275
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Scheme 1 Green reduction process of graphene oxide followed by in
situ reduction of silver ions to form Ag-TPG nanohybrid.

Scheme 2 Step-by-step synthesis of hierarchical magnetic tubes
decorated with gold nanoparticles with physical appearance (scale in
centimeters).

Scheme 3 Reduction of 4-nitrophenol to 4-aminophenol mediated
by the catalyst.
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polyphenols can reduce Ag ions to silver nanoparticles in situ
and stabilize them (Scheme 1).

In this research, UV-vis and FT-IR analyses revealed that tea
polyphenols contributed to the reduction and stabilization of
graphene while preserving surface oxygen groups. XPS and TGA
further conrmed the stable presence of polyphenols, whereas
XRD and TEM evidenced the uniform distribution of Ag nano-
particles (3–5 nm) on the graphene support. Accordingly, the
Ag-TPG nanohybrid with a stable structure was employed for the
reduction of 4-NP. Therefore, Ag-TPG nanohybrid, which
consists a combination of unique catalytic properties of silver
nanoparticles and excellent absorption and electron transfer
capability of graphene, was employed as a catalytic system for
the reduction of 4-nitrophenol (4-NP) by NaBH4. In this reac-
tion, a solution of 4-NP (0.1 mM) and NaBH4 (10 mM) aer
removing oxygen with nitrogen gas, was combined with
a suspension of Ag-TPG (0.5 mg mL−1) purged with nitrogen
under magnetic stirring conditions. The reaction proceeded for
12 min with 100% conversion. The recycled Ag-TPG catalyst
showed similar catalytic behavior compared to the fresh one
even aer ve times of recycling, indicating the considerable
stability of the Ag-TPG catalyst under the applied conditions.

In 2018, Purbia and co-worker proposed a new, efficient, and
stable synthetic method for the preparation of hierarchical
magnetic maghemite catalyst (g-Fe2O3) accompanied by Au
nanoparticles (NPs).55

In this study, rstly the cotton sample was soaked in the
FeCl3 solution and subjected to ultrasound, and then it was
immersed in the green tea leaf extract; this initial step facili-
tated the uniform adsorption of iron ions onto the cotton bers
and was critical for the formation of iron oxide tubular struc-
tures. The polyphenols present in green tea provide a mild and
44276 | RSC Adv., 2025, 15, 44272–44303
environmentally friendly coordination environment for Fe3+

ions, ensuring their homogeneous distribution on the cotton
bers while maintaining a completely green process. To
produce iron oxide micro/nanotubes, the sample was heated at
500 °C in a muffle furnace to separate the cotton bers. The
resulting tubular structures were then dispersed in ultrapure
water to eliminate chloride ions and were isolated using an
external magnetic eld. Then HAuCl4 solution was introduced
into the suspension of iron oxide tubes under ultrasonic
conditions. Finally, green tea extract was employed as
a reducing agent to obtain iron oxide tubes decorated with gold.
Similarly, tubes decorated with other noble metals, such as Ag
and Pd, were synthesized using their corresponding metal
precursors, including AgNO3 and Na2PdCl4 (Scheme 2).

FT-IR and XPS conrmed that green tea polyphenols acted as
reducing and stabilizing agents, converting Fe3+ to Fe2+ and
maintaining surface functionalities. XRD, UV-Vis, TEM, FE-
SEM, and BET showed well-crystallized g-Fe2O3 tubes with
uniform Au nanoparticles (7 ± 2 nm) and high surface area,
highlighting the essential role of tea in formation, stabilization,
and catalytic activity of the nanocomposite.

Aer characterization the synthesized catalyst showed
excellent activity in the reduction of 4-nitrophenol to 4-amino-
phenol (Scheme 3). The reduction reaction of 4-NP was carried
out with NaBH4 (80 mM) in the presence of the maghemite
tubes containing 1.6 wt% of Au NPs, achieving a conversion of
89.62%. The reusability of the catalyst was also investigated and
only 0.29% of its activity decreased aer the sixth cycle. In
addition, silver and palladium nanoparticles decorated with g-
Fe2O3 tubes were also synthesized and tested for the same
catalytic reaction. The results showed highest activity for
palladium.

In 2017, silver nanoparticles were prepared using the
Hibiscus sabdariffa leaf (roselle or sour tea) by Kalita and co-
worker.53

For this purpose the Hibiscus sabdariffa leaf extract as
a reducing and stabilizing agent was added to an aqueous
solution of AgNO3. Aer the reduction of silver ions to the nano
silver particles, the colloidal solution was centrifuged. This
process was repeated three times to get rid of any unnecessary
plant materials.

UV-Vis and TEM showedmostly spherical Ag-NPs (∼26.5 nm)
with controlled size and shape, while XRD conrmed high
crystallinity (13.9 nm). FT-IR indicated phenolic, hydroxyl, and
amino groups from hibiscus extract, acting as both reducing
and capping agents, highlighting its role in rapid reduction,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Catalytic reduction of 4-nitrophenol to 4-aminophenol by
NaBH4 using Ag-NPs as the catalyst.

Scheme 5 Synthetic pathway of Fe3O4@S. Lavandulifolia/Ag
nanocatalyst.

Scheme 6 Schematic diagram of the Ag-TPND catalyst preparation
process.

Scheme 7 Catalytic reduction of 4-nitrophenol to 4-aminophenol in
the presence of Ag-TPND.
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stabilization, and shape-controlled formation of AgNPs under
green chemistry conditions.

In continue the prepared reagent was used as a catalyst in the
reduction of 4-nitrophenol with sodium borohydride (Scheme
4). In this experiment, an aqueous solution of 4-nitrophenol was
mixed with NaBH4, and the color change from light yellow to
yellow-green indicates the formation of 4-nitrophenolate ion.

For the rst time, in 2018, Shahriary et al. designed an
environment-friendly novel hybrid magnetic nanocomposite
(Fe3O4@S. Lavandulifolia/Ag) considering the reduction and
stabilization potency of metal nanoparticles.54

To prepare Stachys lavandulifolia extract, freshly collected
herbal tea from Kermanshah, Zagros region of Iran was used.
Aer straining, the prepared extract was stored in a refrigerator
at 4 °C for further use. In order to synthesis the Fe3O4@S.
Lavandulifolia-NPs, in the rst step, magnetite nanoparticles
were dispersed in water and subjected to ultrasound for 20
minutes. The herbal tea extract which contains phenolic func-
tional groups which can be used in the modication of Fe3O4-
NPs was added to the mixture. Aer that, a solution of AgNO3 in
© 2025 The Author(s). Published by the Royal Society of Chemistry
H2O was added to the obtained product, and then Fe3O4@S.
Lavandulifolia/Ag-NPs were separated by magnetic discharge
(Scheme 5).

FT-IR, XRD, and XPS conrmed the reduction of Ag+ to Ag0

by the phenolic and avonoid groups, as reducing and stabi-
lizing agents in S. lavandulifolia extract. FESEM, HRTEM, and
EDS revealed a uniform biopolymer coating with well-dispersed
Ag NPs, while VSM showed slightly reduced magnetization due
to the extract coating and Ag loading. Aer the mentioned
studies, the prepared catalyst was used in the reduction of 4-
nitrophenol. For the catalytic test of Fe3O4@S. Lavandulifolia/
Ag-NPs, the reaction was carried out in a quartz cuvette by
mixing the freshly prepared solutions of 4-nitrophenol (3 mM)
and NaBH4 (0.3 M) and adding 2 mg of the catalyst, where
complete conversion of 4-NP to 4-AP was achieved. This catalyst
was recycled 9 times and no signicant decrease in its catalytic
activity was observed.

Wang et al. reported the preparation of a novel heteroge-
neous catalyst by modifying the nanodiamond (ND) surface
with tea polyphenols (TPs) and subsequent green reduction
method to prepare a water-dispersible Ag-TPND hybrid.61

For this aim, at rst the clear water solution of TPs was ob-
tained by extracting green tea polyphenols through the removal
of green tea leaves by centrifuging the ltered solution to
completely remove the impurities. Then, ND surface was
modied using the newly prepared TPs solution. Aer the
completion of the reaction, the TPND hybrid was acquired by
centrifugal separation. In the next step, the prepared TPND
powder was sonicated in deionized water and then, the AgNO3

solution was added dropwise to it. Finally, by centrifugal sepa-
ration, the Ag-TPND catalyst was obtained (Scheme 6).
RSC Adv., 2025, 15, 44272–44303 | 44277
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Scheme 8 Mechanism of the catalyzed reduction of 4-NP to 4-AP by
NaBH4 in the presence of Ag-TPND.

Scheme 10 Proposed mechanism for the catalytic reduction of 4-NP
by NaBH4 in the presence of Ag-NPs/MWCNTs@S. lavandulifolia.
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FT-IR, UV-Vis, XRD, and XPS analysis conrmed that
phenolic and hydroxy groups of TPs reduced Ag+ to Ag0 and
stabilized Ag NPs on ND. TEM showed uniform, small Ag NPs
(2–10 nm) well-dispersed on ND, while TGA and dispersibility
tests indicated a stable TPs coating providing excellent aqueous
stability. ICP-AES veried successful Ag loading (∼0.13–0.15%).
To evaluate the ability of the Ag-TPND catalyst, the reduction of
4-nitrophenol with NaBH4 was carried out in the presence of it
in aqueous solution under nitrogen atmosphere with nal
concentrations of 4-NP (0.1 mM), NaBH4 (10 mM) and Ag-TPND
(0.2 mg mL−1) in a standard quartz cell (Scheme 7), giving
a conversion of 92.1%. Further studies claried that aer ve
times recycling, the catalyst still had a stable and comparable
activity compared with the new catalyst.

The proposed mechanism for the reduction of 4-nitrophenol
by NaBH4 in the presence of the Ag-TPND catalyst is shown in
Scheme 8 based on the Langmuir–Hinshelwood (LH) model.

Veisi and co-workers introduced a new heterogeneous
nanocatalyst)Ag NPs/MWCNTs@S. lavandulifolia(in 2019 with
Scheme 9 (A): Depiction of the eco-friendly functionalization process
for MWCNTs, subsequent in situ reduction of Ag+ ions leading to the
formation of Ag-NPs on functionalized MWCNTs (f-MWCNTs) via
Stachys lavandulifolia extract, producing the Ag NPs/MWCNTs@S.
lavandulifolia nanocatalyst utilized in 4-nitrophenol reduction; (B):
suggested mechanism for Ag-NPs synthesis by Stachys lavandulifolia
extract.

44278 | RSC Adv., 2025, 15, 44272–44303
a new green process using Stachys lavandulifolia extract as
stabilizing and reducing agent.62

To prepare the extract of S. lavandulifolia, the herbal infusion
was collected fresh from Kermanshah, Zagros region of Iran,
and aer washing, it was added dry to Milli-Q water, and aer
heating, the extract was ltered withWhatman No. 1 lter paper
and mixed. Then, it was centrifuged to remove possible aggre-
gates. In the next step, the mentioned extract was poured into
MWCNTs (multi-walled carbon nanotubes) and sonicated. The
nal deposition of MWCNTs@S. lavandulifolia was dispersed in
deionized water aer centrifugation. Then, by adding AgNO3, it
resulted in uniform distribution of Ag-NPs on the surface.
Finally, the desired product with the formula of Ag-NPs/
MWCNTs@S. lavandulifolia was obtained (Scheme 9).

Aer the preparation, FT-IR, XRD, and XPS conrmed that
avonoids and terpenoids in S. lavandulifolia extract reduced
Ag+ to Ag0 and stabilized Ag NPs onMWCNTs. TEM and FE-SEM
showed small, uniform, well-dispersed Ag NPs with a bio-
polymer coating, while EDX and ICP-AES veried the presence
of C, O, N from the extract and quantied Ag at 0.34 mmol g−1,
indicating successful coverage, capping, and loading. In
continue, Ag-NPs/MWCNTs@S. lavandulifolia was used as
a nanocatalyst in the reduction of 4-nitrophenol. In this
method, the reduction process using NaBH4 was carried out in
the presence of the catalyst at ambient temperature for 4 min,
reaching 100% conversion. The obtained results claried that
coating of silver nanoparticles on carbon nanotubes together
with S. lavandulifolia extract biopolymer increased the catalytic
activity and facilitated the reduction of the nitro group. Also in
this study, the catalyst was recovered 7 times without any
signicant loss of its catalytic activity. A catalytic mechanism is
proposed to elucidate the catalytic performance of Ag NPs/
MWCNTs@S. lavandulifolia as shown in Scheme 10.

In 2017, an efficient method for the preparation of the
Pd@B.tea-NPs catalyst using the natural black tea leaves extract
(Camellia sinensis) was reported by Lebaschi and co-workers.63

To prepare the requested reagent, black tea leaves (Camellia
sinensis) were obtained from Lahijan Tea Research Center,
Lahijan, Iran. Aer adding deionized water to the selected tea
leaves and it's boiling, it was cooled and ltered through
Whatman No. 1 lter paper to obtain an aqueous extract. To
prepare Pd-NPs, the prepared plant extract was added dropwise
to the PdCl2 solution and reuxed. The color of the reaction
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 11 Reduction of 4-nitrophenol in the presence of Pd@B.tea-
NPs as the catalyst.

Scheme 12 Schematic presentation of the reduction of 4-nitrophenol
catalyzed by Pd-NPs@FT.

Scheme 13 Preparation process of the Fe O @GTE/Ag-NPs catalyst.
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mixture gradually changed, indicating the formation of the Pd
nanoparticles, to which acetone was added to precipitate the
catalyst (Pd@B.tea-NPs).

Use of the data obtained from UV-Vis, FT-IR, and XRD
analysis conrmed Pd2+ reduction to crystalline Pd0 NPs by
black tea extract, evidencing the presence of avonoids, poly-
phenols, terpenoids, and polysaccharides. TEM, FESEM, EDX,
and TGA showed that small (5–8 nm), spherical Pd NPs
uniformly coated and stabilized by bio-polymer layers from the
extract, preventing aggregation. In continue, the catalytic
activity of Pd@B.tea-NPs in the reduction of 4-nitrophenol to 4-
aminophenol in water at ambient temperature was investigated.
The optimal reaction conditions included the use of 2.0 mg of
the catalyst and 250 mM NaBH4, which showed the highest
efficiency with 100% conversion. The results showed that
Pd@B.tea-NPs has a higher catalytic activity compared to Pd-
NPs alone (conversion = 96%), which can be attributed to the
presence of the reactive species on the surface of the extract
(Scheme 11). The recoverability and reusability of Pd@B.tea-
NPs in this reaction was also investigated. It was found that
the catalyst maintains its activity during at least nine catalytic
cycles in the reduction of 4-NP.

Mallikarjuna et al. presented a new method for the green
synthesis of a new nanocatalyst (Pd-NPs@FT) using Fenugreek
tea in 2017.64

In this method and by stirring a solution of PdCl2 (0.01 M)
with an aqueous extract of fenugreek tea (fenugreek tea due to
the presence of phyto-chemical moieties, not only helps in the
effective reduction of Pd(II) to Pd-NPs but also helps in capping
to create an excellent stabilizer against aggregation) Pd-NPs
were prepared at room temperature. The reaction mixture
progressively turned black, signifying the generation of Pd-
NPs@FT. UV-Vis, FT-IR, and XRD conrmed Pd2+ reduction to
crystalline Pd0 NPs by fenugreek tea extract, evidencing
phenolics, proteins, polysaccharides, and other bioactive
© 2025 The Author(s). Published by the Royal Society of Chemistry
compounds. FESEM and TEM showed 20–50 nm spherical Pd
NPs uniformly coated by bio-polymer layers, preventing aggre-
gation. SAED indicated fcc crystal structure with controlled
growth along (111), demonstrating the extract's role in stabi-
lizing and directing nanoparticles morphology.

This catalyst showed high catalytic activity in the reduction
of 4-nitrophenol to 4-aminophenol (Scheme 12). In this reac-
tion, 5 mL of aqueous solution of NaBH4 (10 mM), 50 mL of 4-
nitrophenol (10 mM), and 20 mL of the Pd-NPs@FT catalyst
(1 mg mL−1) were mixed in a quartz cuvette to produce the
requested product within 1 min.

In 2017, Veisi and co-worker synthesized a nanocatalyst
formulated as Fe3O4@GTE/Ag-NPs using a green tea extract.65

To prepare the Fe3O4@GTE/Ag nanoparticles, deionized
water was rst added to green tea leaves and boiled in a water
bath to obtain green tea extract. Then the mixture was cooled
and ltered. In the next step, magnetite nanoparticles were
dispersed in water and subjected to ultrasound. Then, green tea
extract was added to the mixture to obtain a precipitate of
Fe3O4@GTE-NPs, and aer drying in a vacuum oven, they were
dispersed in deionized water using an ultrasonic bath. Then
AgNO3 solution was added and stirred at room temperature to
ensure a complete reduction of Ag(I) ions. Finally, the desired
nanocatalyst (Fe3O4@GTE/Ag-NPs) was prepared (Scheme 13).

FT-IR, SEM, TEM, EDX, elemental mapping, and EDS
conrmed that green tea extract (GTE) reduced Ag+ to Ag0 and
stabilized small, spherical Ag NPs uniformly dispersed on
Fe3O4. VSM showed a slight decrease in magnetization due to
GTE and Ag coating.

The Fe3O4@GTE/Ag-NPs catalyst enables the reduction of 4-
nitrophenol at room temperature and in water with 100%
3 4
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Scheme 14 Fe3O4@GTE/Ag-NPs as the catalyst in the reduction
reaction of 4-nitrophenol to 4-aminophenol.

Scheme 15 Au-NPs catalyzed reduction of nitro aromatics by NaBH4.

Scheme 16 Proposed reaction pathway for the synthesis of Pd-NPs.
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conversion by adsorbing 4-NP and NaBH4 on its surface and
facilitating electron transfer. The coating of Ag nanoparticles
and active functional groups such as C]C and –OH make
a major contribution in the catalytic activity and create
a synergistic effect (Scheme 14).

Also, the reused catalyst maintained its catalytic activity even
aer nine reaction cycles.

In 2018, an efficient heterogeneous catalyst (Au-NPs) was
prepared during a one-step process by Alegria and co-worker.66

For this purpose, the tea solution was prepared bymixing the
weight amounts of dry black tea leaves with distilled water and
then vigorously stirring at room temperature. Aer ltration, an
aqueous solution of tetrachloroauric acid (HAuCl4$3H2O) (0.1
M) was introduced into the ltrate under continuous stirring at
room temperature. The solution underwent an immediate color
transition from pale yellow to red, conrming the successful
synthesis of gold nanoparticles.

UV-Vis and color change conrmed rapid reduction of Au3+

to Au0 by black tea extract. TEM/SEM showed spherical, well-
dispersed Au NPs whose size increased with extract concentra-
tion, while XPS, EDS, and FTIR veried surface capping and
stabilization by polyphenols and avonoids.

In continue, the catalytic activity of the gold nanoparticles
(Au-NPs) in the reduction of aromatic nitro compounds was
investigated in aqueous solution. The results showed that Au-
NPs are efficient in the studied reduction reaction (Scheme
15), and the catalytic activity depends on the concentration of
the catalyst and sodium borohydride, while the reaction
kinetics follows a pseudo-rst order law. Also, using this
method, the reduction of other nitro compounds, including
nitroanilines and nitrobenzene, was studied. In general,
compounds bearing the nitro group at the 4-position showed
higher conversion rates (77%), followed by 2-position nitro
compounds (40%) and 3-position nitro compounds (15%).
44280 | RSC Adv., 2025, 15, 44272–44303
Recycling studies for Au-NPs as a catalyst in the reduction of
4-NP showed that the catalyst can be recycled up to 4 times.

Veisi and co-workers synthesized a Pd-NPs@G.Tea extract
heterogeneous catalyst by a facile and green route.67 In this
study and in order to obtain tea extract, fresh green tea leaves
which were collected from northern Iran were washed three
times with double distilled water before use. Then, aer adding
deionized water, it was boiled in a water bath and ltered
through lter paper Whatman No. 1. Polyols and carbonyl
groups in green tea aqueous extract act as reducing and
capping/stabilizing agents. To prepare Pd-NPs, the prepared
plant extract was added dropwise to 1 mM PdCl2 aqueous
solution and the mixture was reuxed. The color of the reaction
mixture was gradually changed, indicating the formation of Pd
nanoparticles, and the catalyst was precipitated aer adding
acetone to reach to Pd-NPs@G.Tea (Scheme 16).

UV-Vis showed Pd2+ reduction to Pd0 by green tea extract.
TEM and FESEM conrmed the presence of small (7–10 nm),
spherical, and well-dispersed Pd NPs coated with a bio-polymer
layer from the extract, preventing aggregation. FT-IR, EDS, and
XRD veried surface capping, stabilization by polyphenols,
avonoids, and polysaccharides, and crystalline Pd0 formation.

In continue, the catalytic performance of this reagent in
nitroarene reduction was investigated. Firstly, the reduction of
nitrobenzene using NaBH4 served as a model reaction to assess
the catalytic efficiency of Pd-NPs@G.Tea. The best result was
Scheme 17 Nitroarenes reduction catalyzed by Pd-NPs@G.Tea.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 18 Reduction of nitrobenzene via the reaction between
ethanol and NaBH4 and the production of H2 gas.
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obtained using 4.0 mg of the catalyst, for the reduction of
1.0 mmol nitrobenzene in the presence of 2.0 mmol NaBH4 in
amixture of ethanol and water (1 : 2) at 50 °C. Then, the catalytic
application for nitroarenes containing electron-donating and
electron-withdrawing groups was investigated and the
enhanced catalytic activity was inferred due to the high surface
area and hydrogen trapping ability of the catalyst. These
features can help in the treatment of wastewater contaminated
with p-nitrophenol in industries (Scheme 17).

In this study, the reusability of the catalyst was also tested in
the reduction of nitrobenzene with NaBH4, showing its stability
at least for six consecutive reaction cycles without signicant
loss of activity.

This reaction can be done by the conversion of ethanol to
ethoxide ion in reaction with Na+ BH4

− to form hydride ester
and hydrogen gas (Scheme 18).
Two-component catalytic reactions

A: Suzuki–Miyaura reaction. Biaryl moieties are key building
blocks in numerous important compounds, including drugs,
agrochemicals, natural products, and advanced materials such
as conductive polymers, molecular wires, and liquid crystalline
compounds.68 Their synthesis typically involves the formation
of carbon–carbon bonds, which can be efficiently achieved
through various coupling reactions, which of them Kumada,
Heck, Negishi, Suzuki–Miyaura, Stille–Migita–Kosugi, Sonoga-
shira, and Hiyama are examples.69,70

Among these, the Suzuki–Miyaura reaction has gained
widespread popularity in both laboratory and industrial
settings.71 In 1979, Akira Suzuki discovered this reaction, and
because of this, he was awarded the Nobel Prize in Chemistry in
2010. Norio Miyaura, in collaboration with Akira Suzuki, helped
to the development of the Suzuki reaction, which aer that
named as the Suzuki–Miyaura cross-coupling reaction.72,73 The
Suzuki–Miyaura cross-coupling involves the reaction of
Scheme 19 Suzuki–Miyaura cross-coupling reaction using Pd-
NPs@S. lavandulifolia extract.

© 2025 The Author(s). Published by the Royal Society of Chemistry
a boronic acid with an aryl or vinyl halide in the presence of
a palladium catalyst, proceeding through three main steps:
oxidative addition, transmetalation, and reductive
elimination.74,75

Palladium facilitates the reaction by activating both the
boron-containing molecules and the organic halides (vinyl or
aryl halide), bringing them into close proximity and ensuring
high selectivity, which enhances product purity and minimizes
side reactions.76–78

The reason behind the spread of the Suzuki reaction is the
use of borons and aryl boronic acids, which are stable, quite
affordable, and compatible with almost all functional groups
and by using these materials, it is possible to do the reaction in
all kinds of solvents under mild conditions.79 In addition,
because organoboranes are compounds resistant to air
humidity with low toxicity, the Suzuki coupling reaction is
a method to replace other methods that use organometallics.71

For this reason, the Suzuki–Miyaura reaction has become the
second most used reaction in drug discovery and development.
For example, this reaction can be used to prepare caparratriene
as a natural product that is robustly active against leukemia,
from derivatives of cirronellal. On the other hand, this reaction
can be performed to prepare ne chemicals via aryl halides.80,81

In the eld of materials science, the reaction enables the
construction of advanced functional materials such as light-
emitting polymers, polymers for insulating electronic chips,
and compounds for organic light-emitting diodes.82–84 Despite
these broad applications and advantages, including wide
substrate scope, high functional group tolerance, and excellent
yields, several challenges still remain. The high cost and limited
availability of palladium, the challenges in activating aryl
chlorides, and the environmental impact of organic solvents
have prompted the search for greener alternatives. These
include ligand-free protocols, the use of earth-abundant tran-
sition metals, and biogenic nanocatalysts derived from natural
products such as tea extracts, which offer improved sustain-
ability. In this context, bioactive compounds such as avonoids
and polyphenols present in the extracts not only serve as
reducing agents but also act as stabilizers and capping agents,
providing surface coverage that enhances the stability and
uniformity of the nanoparticles.72,85

For the rst time in 2015, Veisi and co-workers reported
a successful green approach for the synthesis of Pd-NPs@S.
lavandulifolia catalyst using the aqueous extract of herbal tea
(Stachys lavandulifolia) to promote the Suzuki–Miyaura
reaction.80

To prepare the catalyst, freshly collected herbal tea from
Kermanshah, Zagros region (Iran), aer washing and drying,
was added toMilli-Q water, then the extract was ltered through
Whatman No. 1 lter paper and centrifuged for 5 minutes to
remove unwanted aggregates. In continue a solution of PdCl2 (1
mM) was added to the extract and reuxed. The emersion of
a dark color indicats the formation of Pd-NPs. Aer adding
acetone (anti-solvent), the catalyst (Pd-NPs@S. lavandulifolia
extract) was precipitated.

In this study, UV-vis showed Pd2+ reduction by the tea
extract, FTIR evidenced tea phytochemicals in capping, TEM/
RSC Adv., 2025, 15, 44272–44303 | 44281
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Scheme 20 Possible mechanism of the Suzuki–Miyaura coupling
reaction.

Scheme 21 Suzuki–Miyaura coupling reaction in the presence of
Pd@B.tea-NPs.

Scheme 22 Suzuki–Miyaura coupling reaction catalyzed by Pd-
NPs@FT.
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SEM revealed uniform spherical PdNPs, and XRD conrmed
crystalline Pd0 while EDX evidenced Pd with C and O from tea
organics attached to the nanoparticle surface. Then, the
Suzuki–Miyaura coupling reaction between bromobenzene and
phenylboronic acid under optimized conditions (K2CO3, water
solvent, 60 °C and 0.004 g of the catalyst) was studied (Scheme
19). This catalytic system was applicable to various aryl halides
(iodides, bromides, and chlorides). The coupling reactions of
aryl iodides and bromides with phenylboronic acid generally
proceeded in excellent yields of 95–98% within 1–7 h. In
contrast, the reactions of aryl chlorides required longer reaction
times (15–18 h) and afforded only moderate yields of 70–75%,
which can be attributed to the stronger C–Cl bond. Further-
more, the Suzuki–Miyaura cross-coupling of heteroaryl halides
such as 2-iodothiophene (1.2 h, 98%) and 2-bromothiophene
(5 h, 92%), as well as sterically congested ortho-halides like 2-
iodoanisole (3 h, 98%) and 2-bromoanisole (7 h, 90%), and the
bulky 1-iodonaphthalene (4 h, 96%), also proceeded efficiently
to give the corresponding products in good to excellent yields
under the optimized conditions.

In this study, the catalyst was easily separated from the
products and reused up to eight times without the considerable
loss of its activity.

The reaction mechanism for the Suzuki–Miyaura coupling
reaction using (Pd-NPs@S. lavandulifolia extract) as the nano-
catalyst is presented in Scheme 20.

In the other discussion on the reduction of nitrophenols, the
preparation of the Pd@B.tea-NPs catalyst using a green route
with natural black tea leaf extract (Camellia sinensis) was
described in 2017 by Lebaschi et al.63

Aer characterization, the Pd@B.tea-NPs catalyst was used
as an efficient and heterogeneous catalyst in the Suzuki–
Miyaura coupling reaction between phenylboronic acid and
a range of aryl halides (X = I, Br, Cl), in which the reaction with
44282 | RSC Adv., 2025, 15, 44272–44303
aryl chlorides required a longer reaction time (12 h) to produce
the desired products in moderate yields (65–75%) (Scheme 21).

The obtained results showed that under the selected condi-
tions the dried recycled catalyst could be used consecutively for
ve cycles without signicant loss of activity. The mechanism of
these reactions is based on that shown in Scheme 20, although
the catalyst differs.

As explained in the previous section, Mallikarjuna and co-
workers in 2017 reported the synthesis of Pd-NPs@FT as
a green catalyst through an environmentally friendly method.
This catalyst, not only was used in the reduction of nitrophenols
as explained before, but also acts as an effective and highly
stable catalyst in the Suzuki–Miyaura reaction.64 In this work,
the requested coupling reaction resulted in the desired
biphenyl in 96% yield within 6 h (Scheme 22).

In the previous section, we have seen that the Pd-NPs@G.Tea
catalyst can play an efficient role in the reduction of nitro
compounds (Scheme 17). Further studies claried that this
reagent can also be used for the promotion of the Suzuki–
Miyaura reaction (Scheme 23).67

In this investigation and under the optimal reaction condi-
tions (2.0 mg catalyst, 2.0 mmol K2CO3, ethanol–water (1 : 1), 50
Scheme 23 Suzuki–Miyaura cross-coupling reaction in the presence
of Pd-NPs@G.Tea.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 24 Preparation of Pd/Fe3O4 NPs assisted by green tea extract
under ultrasonic irradiations.

Scheme 26 Possible mechanism of the Suzuki–Miyaura coupling
reaction using Pd/Fe3O4 NPs as the catalyst.
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°C), a wide range of aryl halides (I, Br, Cl) were reacted with
phenylboronic acid. In this context, the coupling reactions of
aryl iodides and bromides were completed within 0.1–4 h,
whereas reactions with aryl chlorides required a longer time of
12 h, because that the breaking of the C–Cl bond requires more
energy leading to its less reactivity.

The studies related to the reusability of the introduced
heterogeneous catalyst in the reaction of bromobenzene and
phenylboronic acid showed that the catalyst can be recycled 7
times without signicant loss of its activity.

In 2019, Pd/Fe3O4 NPs was prepared as a nanocatalyst by
Veisi and co-workers via a new and efficient approach using
green tea extract.86 At rst, aer taking samples of green tea
leaves from the north of Iran, the research group prepared an
aqueous extract from the leaves. In the next step, the magnetite
nanoparticles were subjected to ultrasound aer being
dispersed in water. Then, the green tea extract was added to the
mixture, and under sonication, a solution of Na2PdCl4 in water
was added dropwise to it using a drop funnel. Then, a magnet
was used for themagnetic separation of the nanoparticles of Pd/
Fe3O4 NPs from the solution as a dark solid (Scheme 24).

FT-IR conrmed that phenolic and avonoid groups are
responsible for Pd2+ reduction and stabilization. TEM/FESEM
showed well-dispersed Pd NPs coated by tea biomolecules
while XPS/XRD veried Pd0 formation and crystalline structure.
Scheme 25 The Suzuki–Miyaura reaction using Pd/Fe3O4 NPs as the
catalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Also EDX detected C/O from tea on the surface, and VSM/BET
indicated retained magnetic properties and a suitable active
surface.

In continue, the catalytic activity of Pd/Fe3O4 NPs as a new
magnetic and heterogeneous catalyst in the Suzuki–Miyaura
coupling reactions under the inuence of ultrasound was
evaluated (Scheme 25). It was found that this method is very
effective in converting aryl halides (I, Br and Cl) to the desired
biphenyl compounds with signicant efficiency (45–98%)
during short reaction times (5–120 min). In addition, the
recovery of the Pd/Fe3O4 NPs catalyst was evaluated, which
showed that this catalyst remains reusable through a minimum
of six consecutive cycles.

The probable mechanism of the Suzuki–Miyaura coupling
reaction in the presence of the Pd/Fe3O4 NPs nanocatalyst is
shown in Scheme 26.

In a 2021 report, Schmitt and co-workers introduced a PdISM
catalyst containing palladium nanoparticles via biological
reduction using Ilex paraguariensis aqueous extract.87

To prepare the catalyst, at rst, the sample of Ilex para-
guariensis (a very widespread tea in southern South America)
was added to deionized water. The mixture was placed in
a thermostatic bath and ltered to prepare yerba mate aqueous
extract. The aqueous solution of PdCl2 was dripped into the
aqueous extract of Ilex paraguariensis in an ultrasonic bath at
low speed. Finally, the solution was washed with acetone to
remove the green color and centrifuged to obtain a black
precipitate (PdISM).
Scheme 27 The Suzuki–Miyaura cross-coupling reaction catalysed by
PdISM.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05453b


Scheme 29 Using fenugreek seed extract to prepare the PdPt
nanocatalyst.
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FT-IR and color change conrmed that phenolic and
carbonyl groups in Yerba Mate extract reduced Pd2+ to Pd0 and
stabilized the nanoparticles, TEM showed well-dispersed Pd
NPs without agglomeration, XRD veried fcc crystalline Pd, and
ICP-OES indicated incorporation of natural mineral elements
from the extract. Aer the identication, PdISM was employed
as an efficient catalyst to achieve outstanding yields in the
coupling reactions of aryl iodides, bromides, and chlorides with
phenylboronic acid (Scheme 27). The results showed that under
these conditions, aryl iodides reacted within 0.25–1 h, whereas
aryl bromides and chlorides required longer reaction times of
20–24 h to be converted to the desired products.

The reusability of PdISM was further examined in the
coupling of 4-iodoaniline and phenylboronic acid under opti-
mized conditions, demonstrating that the catalyst could be
recovered and reused at least three times without signicant
loss of its activity.

In 2017, Hekmati et al. designed a simple and environmen-
tally friendly method for the biosynthesis of the Pd NPs@Hi-
biscus sabdariffa L. catalyst using red tea (Hibiscus sabdariffa L.)
aqueous extract as a reducing and stabilizing agent.88 In this
study, freshly collected red tea (Hibiscus sabdariffa L.) was
washed, dried and used to prepare the extract. The extract was
added to Milli-Q water and aer heating, it was ltered through
Whatman No. 1 lter paper and then subjected to centrifuga-
tion for aggregate removal. A solution of PdCl2 was added to the
prepared extract. The appearance of dark color indicated the
formation of the Pd nanoparticles.

UV-Vis/color change and FT-IR conrmed that phenolic and
avonoid compounds in hibiscus extract reduced Pd2+ to Pd0

and stabilized the nanoparticles, TEM/SEM showed well-
dispersed spherical Pd NPs (5–8 nm) coated with bio-
molecules, XRD veried crystalline Pd0, and EDX/EDX
mapping conrmed Pd formation, its uniform distribution,
and surface carbon from hibiscus, conrming effective disper-
sion by the extract.

In continue, the catalytic activity of Pd NPs@Hibiscus
sabdariffa L. was evaluated for the Suzuki–Miyaura cross-
coupling reaction in a water–ethanol solvent system (Scheme
28). Aer optimizing the reaction conditions (0.2 mol% of the
catalyst, 2 mmol of K2CO3, 2 mL of H2O–EtOH (1 : 1), 25 °C),
a wide range of aryl halides (I, Br, Cl) and phenylboronic acid
were coupled in good to excellent yields (45–95%) and variable
reaction times (2–24 h) using this method. The research group
was also studied the reusability of Pd NPs@Hibiscus
sabdariffa L. in the reaction of bromobenzene and
Scheme 28 Suzuki–Miyaura coupling reaction catalysed by Pd
NPs@Hibiscus sabdariffa L. as catalyst.

44284 | RSC Adv., 2025, 15, 44272–44303
phenylboronic acid. The results showed unchanged catalytic
behavior for up to ve reactions.

In other study bimetallic palladium–platinum (PdPt) nano-
particles were synthesized through polysaccharides derived
from fenugreek with a simple method by Bathula and co-
workers in 2024.89

To prepare the PdPt nano catalyst, fenugreek seed powder
was soaked in deionized water and heated. The extract was
centrifuged and then stored in a refrigerator to settle the
undissolvedmaterial and drain the clear upper solution. Then it
was ltered through lter paper. An aqueous solution contain-
ing 1 mM platinum chloride was added to the prepared extract
solution. To form nanoparticles, the reaction mixture was stir-
red for 24 hours at 90 °C. The color of the reactionmixture turns
into a dark solution, which indicates the formation of the PdPt
nanocatalyst (Scheme 29). Further studies using XRD conrmed
the crystalline PdPt phase and phase purity, while TEM/SEM
showed nanometer-sized PdPt particles shielded by poly-
saccharide biopolymers. XPS veried PdPt formation and
surface coverage with C, N, and O from polysaccharides.

Then, the PdPt catalyst was used as a promotor in the
Suzuki–Miyaura coupling reaction between organic halides and
boronic acids (Scheme 30). Under the optimized conditions
(120 °C, PEG-400 as a solvent, 4 mol% catalyst), the reaction of
phenylboronic acid and bromobenzene as a model was
completed within 4 h. The effect of different halogen substitu-
ents was also examined, and while chlorobenzene afforded
a relatively lower yield (61%), iodobenzene gave the corre-
sponding biaryl product in 95% yield, consistent with the
higher reactivity of the C–I bond compared to the stronger C–Cl
bond. Under the selected conditions the products, such as 3,30-
Scheme 30 Suzuki–Miyaura coupling reaction investigated in the
presence of PdPt.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 31 Enantioselective oxidative dimerization of 2-naphthols
employing C. sinensis cell culture.

Scheme 32 Synthesis of Wt-Fe3O4 MNPs using white tea extract.
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dimehoxy biphenyl (93%) and bithiophene (94%) were also
prepared in high yields. In addition, the nanocatalyst was
recycled up to 5 times, showing its considerable stability during
the course of the reaction.

B: other two-component reactions. In general, tea-derived
nanocatalysts have proven to be versatile and efficient for
a wide range of two-component reactions, including heterocycle
synthesis, C–O/C–N/C–heteroatom couplings, O-acetylation,
and biaryl formation. These catalysts leverage the inherent
polyphenols and avonoids in tea, whose hydroxyl and carbonyl
groups act as reducing and stabilizing agents for the formation
and surface functionalization of metal nanoparticles. Operating
under mild and eco-friendly conditions, they exhibit high
selectivity, excellent yields, broad substrate tolerance, and
notable recyclability. Despite challenges such as substrate
electronic effects and optimization requirements, tea-mediated
systems offer a sustainable alternative to conventional catalysts,
combining green chemistry principles with robust perfor-
mance, operational simplicity, and applicability to both phar-
maceutical and organic synthesis contexts.

1,1-Binaphthalene derivatives are widely used in organic
synthesis as chirality inducers for selective reactions.90–92 One
method for the preparation of pure binaphthyl derivatives is
catalytic oxidative coupling.93 In this area, enantioselective
oxidation of 2-naphthols leads to 1,1-binaphthyl-2,2-diols.94

In 2002, Takemoto and co-workers reported the production
of photoactive 1,1-binaphthyl-2,2-diols by enantioselective
oxidative coupling of 2-naphthol derivatives using Camellia
sinensis cell culture.95

To prepare the Camellia sinensis cell culture catalyst, rst, C.
sinensis cells (4.6 g of cells, 20 mL of broth) were cultured in B5
medium (a nutrient blend of inorganic salts, vitamins and
carbohydrate) (60 mL) for 12 days as the stationary phase to
prepare free cells from Camellia sinensis. In the next step, to
make the ICSC (immobilized Camellia sinensis cell culture)
catalyst, 5% sodium alginate solution (80 mL) was mixed with
free cells. The resulting mixture was added dropwise to a 0.6%
calcium chloride solution (1000 mL). Aer washing with water,
the immobilized cell catalyst (ICSC) was obtained. Then, for the
ICSC culture and incubation, ICSC cells (7 g cells and 30 mL
medium) were added to fresh B5 medium (80 mL per ask). The
cell culture was performed at 25 °C with a shaker (110 rpm) in
the dark. Next, various 2-naphthol derivatives underwent
oxidative coupling reaction using Camellia sinensis cell culture
(Scheme 31). According to the results, it was shown that the
presence of Br, OMe or COOMe groups on the naphthalene ring
decreases the enantioselectivity and chemical performance.
While unsubstituted 2-naphthol gave 47% and 59% ee with the
R enantiomer, the substituted derivatives afforded lower yields
(6–34%) and reduced ee values (0–36%) with the S enantiomer.

Heterocyclic compounds are among the largest and most
diverse organic compounds.96 Among the heterocycles, benz-
imidazoles are an important group of nitrogen-containing
heterocycles.97 These compounds are very important interme-
diates in the construction of biologically and medicinally active
molecules, so they are very important in organic chemistry.98,99
© 2025 The Author(s). Published by the Royal Society of Chemistry
In 2017, Shojaee and co-workers reported for the rst time
the synthesis of 2-(4-chlorophenyl)-1H-benzo[d]imidazole using
the synthesized Wt-Fe3O4 MNPs as a stable and heterogeneous
nanocatalyst.100

To prepare Wt-Fe3O4 MNPs as a nanocatalyst, white tea was
washed and dried to remove possible impurities. Aer that, it
was ground into the powder, boiled, and stirred with deionized
distilled water in an Erlenmeyer ask and then ltered by
a vacuum pump. In the next step, 2 moles of FeCl3$6H2O and 1
mole of FeCl2$4H2O were dissolved in ionized water with
a molar ratio of 2 : 1 under a nitrogen atmosphere and then the
aqueous extract of white tea was added to it. Aer the complete
biological reduction of the ions, the mixture was centrifuged to
separate the black powder of Wt-Fe3O4 MNPs from the
compounds in the solution (Scheme 32). In this research, FT-IR
conrmed the involvement of phenolic and avonoid groups
from white tea in Fe3+ reduction and nanoparticle stabilization.
XRD showed both crystalline Fe3O4 and a broad peak from
natural compounds of the extract. EDX veried Fe signals along
with C and O, indicating the extract coating on the nanoparticle
surface.

In continue, through one-pot condensation of o-phenyl-
enediamines with 4-chlorobenzaldehyde, the effectiveness of
the synthesized catalyst was investigated (Scheme 33). The ob-
tained results claried that with 6 mol% of the catalyst at 80 °C,
in acetonitrile, and during 120 minutes, the reaction can be
proceeded with 96% yield.
RSC Adv., 2025, 15, 44272–44303 | 44285
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Scheme 33 Synthesis of 2-(4-chlorophenyl)-1H-benzo[d]imidazole
catalyzed by Wt-Fe3O4 MNPs.

Scheme 34 Proposed mechanism for the synthesis of 2-substituted
benzimidazoles using Wt-Fe3O4 MNPs.

Scheme 35 Schematic of MTLAC-SA synthesis.

Scheme 36 Use of MTLAC-SA as the catalyst to synthesize benz-
imidazole and benzothiazole derivatives.
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Under the selected conditions the Wt-Fe3O4 MNPs catalyst
can be recovered using an external magnetic eld and could be
used up to 5 times without signicant loss of its catalytic
activity.

The probable mechanism for the formation of 2-substituted
benzimidazole compounds from the condensation reaction
between o-phenylenediamine and benzaldehyde derivatives in
the presence of the heterogeneous Wt-Fe3O4 MNPs catalyst is
shown in Scheme 34.

Benzimidazoles and benzothiazoles are used as the back-
bone of many important biologically active molecules,
including anti-parasitic, anti-fungal, anti-viral and anti-tumor
drugs.101 Due to the widespread use of these heterocycles,
their synthesis have been widely studied.102

In this line, an efficient and simple eco-friendly approach for
the synthesis of 2-substituted benzimidazoles and benzothia-
zoles using sulfonic-acid-functionalized carbon, (which was
prepared from mature tea leaves (MTLAC-SA)) was reported by
Goswami and co-workers in 2018.103

To prepare this heterogeneous catalyst, mature tea leaves
(MTL) were rst thoroughly washed with distilled water to
remove impurities, then dried, ground and sieved to prepare the
activated carbon. MTL powder was soaked in 85% H3PO4 and
carbonized in a tube furnace under nitrogen atmosphere. Aer
cooling to room temperature, activated carbon was washed,
dried, ground, and sieved to reach the MTLAC. In the next step,
MTLAC powder was dispersed in dry CH2Cl2 by ultrasonic bath
and by adding chlorosulfonic acid dropwise to this solution at
room temperature and stirring the mixture for 3 hours, sulfonic
acid activated carbon (MTLAC-SA) was obtained (Scheme 35).
BET and SEM analyses conrmed the porous morphology and
44286 | RSC Adv., 2025, 15, 44272–44303
high surface area of the tea-derived activated carbon. EDX
revealed C and O from the tea source, along with additional S
signals (indicative of –SO3H groups), conrming successful
sulfonic acid functionalization. FT-IR further detected charac-
teristic bands of sulfonic acid groups, while Boehm titration
veried the increased surface acidity.

The reaction of 4-methylbenzaldehyde with o-phenyl-
enediamine in the presence of MTLAC-SA catalyst was chosen as
a model reaction to conrm its catalytic ability and the inu-
ence of various solvent systems for the synthesis of the imid-
azole derivatives was investigated on it. The results obtained in
EtOH and acetonitrile were almost equal; considering the
environmental effects, ethanol was selected as the solvent. The
optimal catalyst loading was also determined. Using 10 wt%,
92% of the product is produced in 45 minutes. The exibility of
this approach was examined by conducting the reaction with
diverse substituted aldehydes. Under the optimized conditions,
the selected aldehydes with both electron-donating and
electron-withdrawing substituents were successfully converted
to their corresponding derivatives in 75–94% yields
(Scheme 36).

To check the recyclability of the catalyst, the reaction
between 4-methylbenzaldehyde and o-phenylenediamine was
repeated in the presence of the recycled MTLAC-SA successfully
for seven catalytic cycles without considerable decrease in the
product yield, and change in the reaction time.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 37 The aqueous extract of white tea (A) before and (B) after
the synthesis of Pd-NPs.

Scheme 38 Diaryl ether formation reaction.

Scheme 39 Plausible mechanism for the catalytic synthesis of diaryl
ether.
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Diaryl ether (DE) is a functional scaffold which is widely
observable in natural products and synthetic organic
compounds. Due to its excellent properties, the DE core has
been recognized as an essential element of pharmaceutical and
agrochemical agents with various biological targets.104

For this reason, Mahdavi Shahri prepared a highly efficient
and stable heterogeneous nanocatalyst (Pd@nanocat) for the
synthesis of diaryl ether.105

In this study and as the rst step, to prepare the Pd@nano-
cat, white tea was washed several times with distilled water to
remove impurities, and then dried to remove moisture, and
turned into powder. The white tea powder sample was dispersed
in distilled water with magnetic stirring and then heated. The
extract was cooled to room temperature and ltered through
lter paper. In the next step, Erlene containing PdCl2 solution (1
mM) was mixed with the aqueous extract of white tea, and the
color of the reaction mixture gradually changed from yellow to
dark brown indicating the formation of palladium nano-
particles. The solid product was collected by centrifugation, and
aer washing with distilled water, the black powder of
Pd@nanocat was dried in an oven (Scheme 37).

Color change conrmed Pd2+ reduction by white tea extract.
XRD showed fcc Pd peaks and a broad 2qz 13.5° peak from tea
compounds. SEM, TEM, and EDX revealed well-dispersed Pd
NPs coated with extract molecules, ensuring stability and
morphology control via hydrogen bonding and electrostatic
interactions.

Then, the synthesis of diaryl ether was evaluated from the
cross-coupling reaction of iodobenzene with phenol in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
presence of dimethyl sulfoxide (DMSO) as a solvent at 120 °C
under N2 atmosphere using 6 mol% of Pd@nanocat
(Scheme 38).

The reusability and recyclability of the catalyst was also
investigated and the recycled catalyst was used consecutively for
four runs without signicant loss of its performance.

The proposed mechanism of C–O coupling reaction for di-
aryl ether synthesis under the effect of the Pd@nanocat catalyst
is shown in Scheme 39. This mechanism involves three main
steps: oxidative addition, transmetalation, and reductive elim-
ination, leading to the formation of a C–O bond and re-
production of the active Pd0 L2 species.

Organic compounds containing quinoline scaffolds have
been widely studied due to their many applications as bioactive
molecules. Dihydroquinoline derivatives include a large family
of important medicinal compounds and are used in the
production of antihypertensive, antidiabetic, antitumor, and
many other drugs.106,107 Due to their wide biological activities,
multiple approaches for preparing these compounds have been
documented. Nevertheless, the existing methods suffer from
notable limitations, including severe reaction conditions,
sluggish reaction kinetics, and the inability to recycle the
catalysts.108

Therefore, in 2019 Otari and co-workers proposed a silver
nanoparticle-decorated biomolecule-entrapped SiO2 (Ag–BSiO2)
nanohybrid catalyst made by the use of green tea biomolecules
to overcome the limitations mentioned above.109

To prepare the Ag–BSiO2 hybrid nanostructures, green tea
leaf ethanol extracts were prepared by mixing 1.2 grams of tea
leaves in 40 mL of pure C2H5OH. Aer mixing and centrifuga-
tion, the extract was puried and stored at 4 °C. For the
synthesis of SiO2 nanoparticles, 2 mL of tetra ethyl orthosilicate
(TEOS) was added dropwise to C2H5OH, and then ammonium
hydroxide was added and the solution was stirred for 24 hours.
Then, the SiO2 nanoparticles were washed with water and dried.
For the synthesis of BSiO2 nanoparticles, TEOS was added to the
puried ethanol green tea extract and stirred with ammonium
RSC Adv., 2025, 15, 44272–44303 | 44287
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Scheme 40 The synthetic diagram for the preparation of Ag–BSiO2

catalyst.

Scheme 41 Synthesis of dihydroquinolines in the presence of Ag–
BSiO2.

Scheme 42 Green metric synthesis of the SiO2@green tea/Pd nano-
composite and its catalytic use in Buchwald–Hartwig C–N coupling.

Scheme 43 N-Arylation of aryl halides via the Buchwald–Hartwig
reaction catalyzed by the SiO2@green tea/Pd nanocomposite.
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hydroxide for 12 hours. Finally, in order to receive to the Ag–
BSiO2 hybrid structures, BSiO2 nanoparticles were dispersed in
deionized water and mixed with silver nitrate. Aer the color
changed, they were centrifuged and dried (Scheme 40).

FT-IR and TGA conrmed the presence of green tea
biomolecules in BSiO2. Color change/UV-Vis and XRD veried
that catechins and polyphenols from green tea extract acted as
reducing agents for Ag+ to Ag0, forming Ag NPs. XPS, HRTEM,
and EDS showed well-dispersed Ag NPs coated with extract
molecules, providing stabilization and size control. Aer the
identication, the catalytic activity of the Ag–BSiO2 nanohybrids
was investigated in the synthesis of dihydroquinoline deriva-
tives via the reaction of 1-(2-aminophenyl)ethan-1-one and
various aryl aldehydes (Scheme 41).

To perform the reaction under the best conditions, the effect
of different solvents was rst investigated under reux condi-
tions. Among the solvents including toluene, THF, acetonitrile,
EtOH, dioxane, H2O and DMF, the best activity was observed in
acetonitrile. When acetonitrile was used as a solvent at 60 °C for
6 hours, the desired product was obtained with a yield of 93%.
Increasing the catalyst dose to 0.5 mol% led to the highest yield
and adding more catalyst to the medium had no effect on the
yield and reaction rate. No signicant difference in yield or
reaction time was observed among 2-chlorobenzaldehyde, 4-
chlorobenzaldehyde, and 4-methoxybenzaldehyde, with yields
in the range of 91–93% and reaction times between 6–7 h.

The recycled Ag–BSiO2 nanohybrid was tested in 5 consecu-
tive reactions to show its reusability, and even in the 5th cycle of
the catalytic reaction, it showed the same effective reactivity as
in the 1st cycle.

The Buchwald–Hartwig amination reaction allows for the
generation of C(sp2)–N bonds through the Pd-catalyzed
coupling of (hetero)aryl halides and pseudohalides with
amines.110 This reaction is an important method to do an
essential transformation in organic synthesis, as the product is
a key framework in numerous naturally occurring products,
drugs, and other biologically active compounds.111

Veisi et al. reported the efficient synthesis of arylamines by
Buchwald–Hartwig C–N cross-coupling reaction using a green
44288 | RSC Adv., 2025, 15, 44272–44303
tea extract catalyst formulated as SiO2@green tea/Pd
nanocomposite.112

To prepare the catalyst, green tea leaves were collected from
northern Iran and aer washing with distilled water, they were
extracted by boiling in deionized water and ltered to obtain
a clear aqueous extract. In the next step, silica gel was dispersed
in water and subjected to ultrasound. Then green tea extract was
added to the mixture and aer adding green tea extract, the
mixture was stirred for 24 hours and the nal product was
separated and dried. In continue the SiO2@green tea nano-
composite was dispersed in water and Na2PdCl4 was added to
reduce palladium ions. Then aer washing and drying the nal
product (SiO2@green tea/Pd) became ready for use (Scheme 42).

Aer preparation of the SiO2@green tea/Pd nanocomposite,
SEM and TEM analysis revealed porous silica sheets with
uniformly dispersed Pd NPs, indicating capping and stabiliza-
tion by polyphenols and other biomolecules from green tea.
EDX and ICP-AES conrmed Pd loading and attachment of C, N,
O from the extract. XRD and XPS veried Pd2+ reduction to Pd0

and formation of a stable nanocomposite. Then its catalytic
activity was studied in the Buchwald–Hartwig amination reac-
tion between aryl halides and various amines using Cs2CO3 as
a base in dimethylformamide (DMF) solvent under N2 atmo-
sphere at 100 °C (Scheme 43).

The reactions were performed using 0.5 mol% of the catalyst,
leading to desired derivatives in 12 hours. This approach
enabled the synthesis of diverse arylamine derivatives through
the coupling of substituted aryl halides with secondary amines,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 45 C-Heteroatom cross coupling reactions using CuO NPs
as the catalyst.
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in yields ranging from 60 to 96%. Different substituents, such as
CH3, OCH3, and CN, on bromoarenes and iodoarenes showed
high compatibility with this process, and there was no signi-
cant difference in the electron-withdrawing or electron-
donating effects of the substituents. However, under these
conditions, chloroarenes demonstrated lower reactivity
compared to their bromo or iodo counterparts.

As the catalyst reusability is considered as an important
feature of a catalyst, and in order to show this characteristic in
the case of the introduced catalyst, the reaction of bromo-
benzene and morpholine was studied again under the opti-
mized conditions. The obtained results conrmed that the
catalyst is well able to be use up to six consecutive times without
any signicant change in its catalytic activity.

Cross-coupling reactions catalyzed by transition metals are
currently one of the most widely used transformations in
organic synthesis.113 Products of cross-coupling reactions,
especially heterocyclic coupling products, have very important
biological and medicinal values and facilitate further drug
development processes.

A novel nano-catalyst (CuO/S. lavandulifolia NPs) for the C-
heteroatom (N, O, and S) cross-coupling with a green and
convenient approach using the plant tea ower extract (Stachys
Lavandulifolia) was synthesized and reported by Veisi and co-
workers in 2021.114

To prepare the catalyst, rst, fresh herbal tea (Stachys Lav-
andulifolia) owers were washed, dried, and dispersed in Milli-
Q water. Following heating, the extract was ltered through
Whatman No. 1 lter paper and subsequently centrifuged. For
CuO nanoparticle synthesis, the extract was combined with
a 1 mM copper(II) acetate solution and heated. NPs formation
was conrmed by the color change to dark brown, which is the
result of surface plasmon resonance excitation. The precipitate
was washed and dried leading to the preparation of the CuO/S.
lavandulifolia NPs catalyst (Scheme 44). In continue, the
synthesized CuO NPs were characterized (UV-Vis, FT-IR, FE-
SEM, TEM, EDX, XRD, TGA), conrming CuO NP formation,
uniform size, high crystallinity, and thermal stability, and
demonstrating simultaneous reduction and capping/
stabilization by avonoids, polyphenols, and alkaloids from
Stachys lavandulifolia.

Aer identication of the catalyst, the reaction model of
iodobenzene with indole, phenol and thiophenol was screened
in the presence of it. The best times and yields for the Ar–C–N/
O/S mediated coupling reactions were obtained by heating the
Scheme 44 Mechanistic investigation of CuO NPs biosynthesis
mediated by Stachys lavandulifolia extract.

© 2025 The Author(s). Published by the Royal Society of Chemistry
reactionmixture in DMSO solvent, at 100 °C and in the presence
of the CuO/S. lavandulifolia NP catalyst (3 mol%).

Under the selected conditions, various aryl and heteroaryl N-
nucleophiles (indole, imidazole, and aniline), O-nucleophiles
(substituted phenols), and S-nucleophiles (substituted thio-
phenols) reacted smoothly with aryl iodides bearing electron-
donating or electron-withdrawing groups, affording products
in 75–98% yields. Aniline reacted more rapidly with aryl iodides
than indole or imidazole (Scheme 45). In this method the re-
ported heterogeneous nanocatalyst was isolated, recycled and
reused in 8 consecutive periods without signicant change in its
activity.

Acetylation stands as one of the most crucial reactions in
organic synthesis. O-Acetylation of alcohols and phenols is
a process that is not only useful for the protection of hydroxyl
groups, but also helps to improve biological and pharmaceu-
tical activities.115–117

In 2023, Fe3O4@CLS/Ag was synthesized as a novel nano-
catalyst using green tea extract by Wang and co-workers.118 The
synthesized catalyst served a critical function in the O-acetyla-
tion reactions of alcohols and phenols by facilitating the reac-
tion and improving efficiency.

For the catalyst preparation, the Fe3O4 nanoparticles were
produced through simultaneous precipitation of Fe2+ and Fe3+

ions. Then an aqueous solution of calcium lingo-sulfonate
(CLS) was prepared and the Fe3O4 nanoparticles were added
to it, and aer stirring for 12 hours, the Fe3O4@CLS nano-
composite was obtained. To prepare green tea extract, 1 g of the
green tea leaves was boiled in 100 mL of deionized water and
strained. Then the Fe3O4@CLS nanocomposite was combined
with AgNO3 solution and the green tea extract and aer stirring
for 2 hours, Ag ions were reduced to the silver nanoparticles.
The completion of the reaction was evidenced by a color shi
from pale yellow to dark brown. Subsequently, the Fe3O4@CLS/
Ag nanocomposite was isolated and dried (Scheme 46).

The structural and physicochemical features of the Fe3-
O4@CLS/Ag nanocomposite were evaluated through several
analytical techniques. SEM and TEM revealed spherical to
quasi-spherical Fe3O4 and Ag NPs with uniform dispersion,
indicating capping and stabilization by CLS and green tea
biomolecules. EDX/elemental mapping conrmed uniform Fe,
Ag, C, and O distribution, while ICP-OES veried effective metal
loading. VSM showed preserved paramagnetic properties
despite surface coverage by green tea biomolecules and CLS.
RSC Adv., 2025, 15, 44272–44303 | 44289
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Scheme 46 Biogenic synthesis of the Fe3O4@CLS/Ag nanocomposite
and its application in the O-acetylation of alcohols and phenols.

Scheme 47 O-Acetylation of phenols with Ac2O catalyzed by Fe3-
O4@CLS/Ag.

Scheme 48 Denitrogenative coupling of aryl hydrazines with aryl
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The identied nanocomposite showed a very good potential
in the promotion of O-acetylation with acetic anhydride under
solvent-free conditions, affording yields in the range of 80–98%
(Scheme 47).

As a probe reaction to optimize conditions such as temper-
ature, catalyst loading and solvent, the reaction of phenol with
acetic anhydride was selected. The reaction was tested in
different media such as EtOH, MeOH, CH2Cl2, toluene, CH3CN
and water, with yields of 15–80%. Finally, the best yield was
achieved without the use of a solvent at 40 °C and 3 mol%
catalyst loading to achieve a yield of 96% within 1 h.

Aer the optimization studies, the O-acetylating ability of
this method was tested on a variety of hydroxyl group-
containing compounds including benzylic, allylic, primary,
secondary, and tertiary alcohols. The results showed that benzyl
alcohols with various halogen substituents were very compat-
ible with the reaction conditions, with yields of 96–98% within
0.3 h. Under the selected conditions, unsaturated alcohols such
as cinnamyl alcohol gave 85% yield in 2 h. On the other hand,
various tertiary alcohols, which are esterically hindered and
electron-rich (benzhydrol and adamantanol), were slow
compared to the others, but eventually gave good yields in the
44290 | RSC Adv., 2025, 15, 44272–44303
range of 80–90%. Also in this study, the prepared nanocatalyst
can be recycled for 9 consecutive times without a noticeable
decline in its activity.

Biaryl compounds are oen found in many natural products,
pharmaceuticals, and agrochemicals, as well as functional
molecules.119 Different approaches for the synthesis of biaryls
include catalytic cross-coupling reactions such as Suzuki–
Miyaura,120 Stille121 and Kumada.122 However, these approaches
suffer from drawbacks such as the use of expensive catalysts,
toxicity of organic metals, and high amounts of the catalyst.
According to the mentioned points, the preparation of hetero-
geneous catalysts in green conditions is very necessary for the
construction of biaryl scaffolds with high efficiency.123–125

In 2023 Hegde et al. proposed ION-SiO2/TE-Pd(0) as an effi-
cient nanocatalyst for the synthesis of biaryls.126

To prepare the catalyst, the tea extract was rst prepared by
boiling 10 grams of tea leaves in 100 mL of deionized water for
15 minutes, then ltered and stored at 4 °C. The iron oxide
nanoparticles (IONPs) were synthesized by co-precipitation
method and dried aer washing with ethanol. The ION@SiO2

nanocomposite was prepared by coating silica on IONPs in
ethanol–water environment and adding tetraethyl orthosilicate
and then dried. Finally, the ION@SiO2/TE-Pd(0) nanocatalyst
was synthesized by adding Pd(OAc)2 and tea extract to the
ION@SiO2 nanocomposite at 70 °C and aer washing and
drying.

During the characterization studies, FT-IR conrmed poly-
phenols, amino acids, and polysaccharides from tea extract (TE)
can act as reducing and stabilizing agents; XRD revealed crys-
talline Fe3O4 and Pd nanoparticles with uniform size; TGA
indicated enhanced thermal stability due to TE coating; FE-SEM
and HRTEM displayed spherical to quasi-spherical Pd nano-
particles preventing agglomeration and EDX/ICP-AES veried
Pd loading, while VSM showed preserved paramagnetic prop-
erties despite surface coverage by TE, silica, and organic/
polyphenolic layers. Then the catalytic activity of the ION-
SiO2/TE-Pd(0) nanocatalyst was investigated for biaryl synthesis
through the catalytic denitrogenation coupling reaction of aryl
bromides and aryl hydrazines using 2 mol% ION-SiO2/TE-Pd(0)
in the presence of Na2CO3 in EtOH : H2O (1 : 1) at 40 °C (Scheme
48). The studied coupling reactions afforded the corresponding
biaryls in 92% yields. It is worth noting that using this method
halides by the ION-SiO2/TE-Pd(0) nanocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 50 Preparation of Au NPs using Stachys lavandulifolia extract.

Scheme 49 Proposed mechanism for the denitrogenative bromo-
benzene and phenylhydrazine coupling by ION-SiO2/TE-Pd(0)
nanocatalyst.
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even 2-bromothiophene as a heteroaryl bromide couples with
aryl hydrazines to give the desired products in 86–88% yield.

Reusability was tested to perform the stability of the catalyst
in the reaction of phenylhydrazine and bromobenzene in the
presence of the ION-SiO2/TE-Pd(0) nanocatalyst. The catalyst
was reusable up to six cycles, with a 10% decrease in yield
observed in the sixth run. The proposed mechanism for de-
nitrogenation coupling of phenylhydrazine with bromobenzene
catalyzed by ION-SiO2/TE-Pd(0) is shown in Scheme 49. This
mechanism consists of 4 consecutive steps including: oxidative
addition, migratory insertion, denitrication, and reductive
elimination.

Multi-component reactions

In response to growing environmental concerns, there has been
an active movement toward the development of green chemical
processes employing eco-friendly chemicals, reagents, solvents
and catalysts. In this regard, selectivity, saving atoms, saving
time, compatibility with the environment, cost-effectiveness
and matching molecular complexity with experimental
simplicity are considered as very important factors. Recently,
multicomponent reactions based on the principles of green and
sustainable chemistry have been widely used to prepare
important organic molecules. A multi-component reaction
(MCR) is a synthetic method in which three or more reactants
react in a reaction vessel to form a new product.127–131 Multi-
component reactions are recognized as powerful strategies in
the synthesis of complex organic compounds, drugs, and
heterocyclic building blocks due to their high efficiency and
simplicity of the process.132 The characteristic features of these
reactions are the maximum utilization of starting materials and
the production of minimal by-products, which reduce the
number of steps, eliminates the need for separation of inter-
mediates, and increases the yield in a shorter time.133 In addi-
tion, MCRs have attracted widespread attention in industrial
and academic research due to their green chemistry principles,
operational simplicity, atom economy, and high selectivity.134,135
© 2025 The Author(s). Published by the Royal Society of Chemistry
Tea-mediated nanocatalysts have found widespread appli-
cation in multi-component reactions. The efficiency of tea-
based nanocatalysts is attributed to the polyphenols, avo-
noids, and other biomolecules present in tea, which act as
reducing and stabilizing agents. These compounds not only
enable control over the shape, size, and dispersion of metal
nanoparticles but also enhance the recyclability, stability, and
substrate tolerance of the catalytic system. Accordingly, tea-
mediated nanocatalysts are recognized as sustainable, effi-
cient, and versatile catalytic systems for multicomponent
organic syntheses.

Propargylamines are a class of versatile compounds which
are able to use as building blocks in the synthesis of chemically
related organic compounds.136 They are also the main inter-
mediates for the preparation of biological drugs and useful
natural products. Some propargylamine derivatives are used
against neurological disorders such as Parkinson's and Alz-
heimer's disease.137 These compounds have been developed by
various methods such as A3-coupling reaction (three-
component coupling),138 nucleophilic substitution,139 reductive
amination,136 and Sonogashira coupling,140 which of them A3-
coupling is the most widely used due to its efficiency and ease of
implementation.

Veisi and co-workers reported an efficient heterogeneous
catalyst formulated as Au/S. lavandulifolia NPs using herbal tea
for the three-component reaction of amines, aldehydes and
alkynes (coupling A3) in 2018.141

To prepare the Au/S. lavandulifolia NPs nanocatalyst, herbal
tea collected from Zagros region (Iran), was cleaned, dehy-
drated, and used to prepare the Stachys Lavandulifolia extract.
Tea was combined with Milli-Q water and heated. Then the
extract was ltered and centrifuged. The Stachys Lavandulifolia
extract was introduced into a 1 mM HAuCl4$H2O aqueous
solution (100 mL) at room temperature and stirred. The color of
the solution turned to red within 2 hours and then the solutions
containing nanoparticles were centrifuged and washed several
times with deionized water and nally oven-dried (Scheme 50).
Characterization by UV-Vis conrmed the rapid formation of Au
NPs with increasing extract content, while FT-IR revealed poly-
phenolic groups responsible for reduction and stabilization.
XRD and FFT conrmed the crystalline fcc structure, and EDS
veried the purity of metallic gold. SEM, AFM, and HRTEM
images showed spherical/triangular NPs with uniform distri-
bution (20–30 nm), and TGA demonstrated good thermal
stability due to organic capping from the extract.
RSC Adv., 2025, 15, 44272–44303 | 44291
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Scheme 51 The A3-coupling reaction in the presence of the Au/S.
lavandulifolia NPs catalyst.
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The catalytic power of the Au/S Lavandulifolia NPs catalyst
was investigated in the A3-coupling reaction of aldehydes,
amines and alkynes, leading to the formation of a diverse range
of propargyl amines. In order to optimize the conditions,
different types of solvents, temperatures, and the catalyst
loading were tested on the reaction of benzaldehyde (1.0 mmol),
morpholine (1 mmol), and phenylacetylene (1.2 mmol). Among
the examined solvents (toluene, CH2Cl2, DMF, EtOH, H2O,
CH3CN, and neat condition) the best performance was observed
in toluene solvent. Carrying out the reaction at 100 °C in toluene
using 10 mol% catalyst resulted in the highest yield (92%).
Further increase in the amounts of the catalyst had no effect on
increasing the reaction yield (Scheme 51). In this study, the
reaction yield is related to the type of the used aldehyde.
According to the observed results, the behavior of aromatic
aldehydes with –Cl, –Br, –OH, –Me or –OMe functional groups
can affect the A3-coupling reaction. Aryl halides with electron-
withdrawing groups can produce the corresponding products
in excellent yields (95–96%), while the substitution of electron-
rich groups on the benzene ring leads to a decrease in the
catalyst performance and reaction efficiency (85–90%).

The recyclability of the Au/S. Lavandulfolia NPs catalyst was
also examined for the reaction involving benzaldehyde, mor-
pholine, and phenylacetylene. It was found that the catalyst
could be reused for as many as seven cycles with no notable loss
in its catalytic activity. The proposed mechanism of the A3-
coupling reaction under heating by the Au/S. lavandulifolia NPs
catalyst is shown in Scheme 52. Based on this mechanism at the
rst step, the terminal alkyne is activated by the catalyst under
heating to form the corresponding Au–alkylidine complex on
Scheme 52 Probable mechanism for the A3-coupling reaction using
Au/S. lavandulifolia NPs.

44292 | RSC Adv., 2025, 15, 44272–44303
the nanoparticle surface. During, the next step, the Au–acetylide
intermediate reacts with the iminium ion, generated from the
aldehyde and amine at the reaction site, which leads to the
formation of the desired propargylamine. In continue the Au/S.
lavandulifolia NPs catalyst is reformed to be used in the
subsequent cycles.

Pyrido[2,3-d]pyrimidines are quinazoline derivatives
showing a wide range of biologically important activities,
including antitumor, antibacterial, CNS depressant, anticon-
vulsant, antipyretic, analgesic, anticancer activities, and anti-
proliferative.142–144

Because of this Dou et al. reported the preparation of the
Cu2O/C. sinensis NPs nanocatalyst using Camellia sinensis leaf
aqueous extract with a facile method and its use in promotion
of the one-pot synthesis of pyrano[2,3-d]pyrimidines.145

To prepare the Cu2O/C. sinensis NPs nanocatalyst, rstly,
Camellia sinensis leaf extract was obtained using distilled water
under microwave irradiation. In a typical synthetic method,
NaOH and CuCl2$2H2O pellets were each dissolved in distilled
water and mixed well, and then the Camellia sinensis leaf extract
solution was added to them under vigorous stirring. The color
change of the solution to brick red indicates the formation of
the copper oxide nanoparticles (Cu2O NPs). The resulting
solution was reuxed until a precipitate was formed. Aer that,
the lter sediment was washed and dried to obtain a ne
powder of the Cu2O nanoparticles. During the structural
studies, XRD conrmed the crystalline Cu2O phase, while FT-IR
identied hydroxyl groups and aromatic rings originating from
Camellia sinensis polyphenols, which acted as reducing and
stabilizing agents. TEM/FE-SEM revealed spherical, uniformly
distributed nanoparticles, and EDX/elemental mapping veried
the presence of Cu and O, with tea-derived biomolecules
covering the surface and preventing agglomeration.

In continue, the catalytic activity of the Cu2O/C sinensis NPs
in the synthesis of pyrano[2,3-d]pyrimidines was investigated
via a three-component one-pot condensation of aromatic alde-
hydes, barbituric acid and ethyl cyanoacetate/malononitrile at
room temperature using 5 mol% catalyst in EtOH/H2O (1 : 1)
media. The reaction proceeded well and all the products were
Scheme 53 Synthesis of pyrano[2,3-d]pyrimidines catalyzed by the
Cu2O/C. sinensis NPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 54 Bio-inspired synthetic strategy for the synthesis of Fe3-
O4@G.tea/Cu nanocomposite over green tea extract.
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obtained in excellent yields ranging from 70 to 96%
(Scheme 53).

The obtained results showed that the Cu2O/C sinensis NPs
nanocatalyst can be recycled for at least 10 consecutive times
without signicant change in its activity which indicates its
considerable stability during the course of the reaction.

Chromenes are an important class of oxygen containing
heterocycles with diverse biological properties. Among them,
pyrano[3,2-c] chromene derivatives have received attention in
recent years. This is because that these compounds are used in
the scaffolding of the structure of important medicinal mole-
cules that have a wide range of medicinal aspects such as
antiviral, antitumor, sedative, antitumor, anti-HIV, antifertility,
anticancer, antidepressant, antihypertensive, anticoagulant,
antimicrobial, diuretic, and analgesic.146,147

In 2022, Xu et al. reported that the Fe3O4@G.tea/Cu nano-
composite as a heterogeneous reagent can promote the
synthesis of pyrano[3,2-c]chromene derivatives with excellent
efficiency.148

For the preparation of the catalyst, rstly dried green tea
leaves were collected, washed and heated in water. Aer ltra-
tion, green tea extract was obtained. In the next step, the pre-
synthesized Fe3O4 NPs were sonicated in deionized water and
then CuNO3 was mixed with dispersion. Finally, green tea
extract as a reducer was added to it to obtain the copper
nanoparticles. The Fe3O4@G.tea/Cu nanocomposite was
magnetically separated and then washed with DI water and
dried (Scheme 54). FT-IR conrmed polyphenols and hydroxyl
groups from green tea, acting as reducing and stabilizing agents
for Cu NPs. TEM/SEM showed quasi-spherical, uniformly
distributed Cu and Fe3O4 nanoparticles, while EDX/elemental
mapping conrmed Fe, Cu, C, and O with uniform poly-
phenol coverage, stabilizing Cu NPs and preventing agglomer-
ation. XRD conrmed crystalline phases, and VSM/ICP-OES
Scheme 55 Synthesis of pyrano[3,2-c]chromene derivatives using the
Fe3O4@G.tea/Cu as nanocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
indicated preserved magnetic properties and stable Cu loading
due to the green tea coating.

Aer the identication studies, the catalytic properties of the
catalyst was investigated in the synthesis of pyrano[3,2-c]
chromenes. To optimize the conditions, different solvents,
catalyst amounts and temperatures were tested. Among the
various solvents such as EtOH, n-hexane, CH3Cl, CH2Cl2,
toluene, acetonitrile and water at the respective reux temper-
ature, the best performance in terms of the reaction yield (96%)
and time (2 h) was observed in water. Aer examining different
amounts, it was found that 25 mg of the catalyst had the best
performance and increasing it beyond this amount had no
effect on the reaction time and yield. Thus, the reaction to
prepare 2-amino-4-aryl-4,5-dihydropyrano[3,2-c]chromene-3-
carbonitrile derivatives was carried out under reux condi-
tions in water, using 25 mg of the catalyst by imploying a wide
range of aromatic and heteroaromatic aldehydes with variable
functional groups. All substrates, regardless of the electron-
withdrawing/donating nature of the substituents produced the
corresponding products in excellent yields (80–96%). No
detectable effect of the location of the functional groups on the
ring was observed (Scheme 55).

In this study the reusability of the Fe3O4@G.tea/Cu nano-
catalyst was also investigated. The nanocatalyst was reused 8
times in a row without signicant reduction in its activity.

In the other study, in 2022 the Fe3O4@W.tea/Ag nano-
composite catalyst was prepared using white tea extract via an
environmentally friendly and low-cost method for the synthesis
of pyrano[3,2-c]chromenes by Hou and co-workers.149

For the synthesis of the catalyst, at rst, the research group
completely washed the dried white tea leaves with deionized
water and then heated, and aer ltering, the white tea extract
was obtained. In the next step, Fe3O4NPs was synthesized by the
coprecipitation method. The dried and activated nanoparticles
were dispersed in deionized water. Then, AgNO3 was added to
the mixture and stirred for 30 minutes to stabilize Ag ions on
Fe3O4NPs. Then, white tea extract was added as a green regen-
erator and silver nanoparticles stabilizer. The Fe3O4@W.tea/Ag
nanocomposite was nally separated using a magnet, washed
with deionized water and dried (Scheme 56). The results ob-
tained from the FT-IR analysis conrmed the presence of
polyphenols, catechins, avonoids, and other bioactive
compounds from white tea, responsible for reducing and
stabilizing Ag NPs. TEM/SEM showed spherical 15–20 nm Fe3O4
Scheme 56 Green synthesis of the Fe3O4@W.tea/Ag nanocomposites
using white tea extract.
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Scheme 57 Synthesis of the pyrano[3,2-c]chromene derivatives in the
presence of Fe3O4@W.tea/Ag as nanocatalyst.

Scheme 58 Probable mechanism for the synthesis of 2-amino-4-
aryl-4,5-dihydropyrano[3,2-c]chromene-3-carbonitrile.

Scheme 59 Schematic of the biosynthetic process of NiO nano-
particles using green tea extract.
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and Ag nanoparticles with uniform distribution and minimal
agglomeration, stabilized by tea biomolecules. VSM and ICP-
OES indicated that the white tea coating preserved the
magnetic properties and ensured stable Ag loading (0.13 mmol
g−1).

Aer precise identication of the Fe3O4@W.tea/Ag nano-
composite, it was used as a catalyst in three-component
condensation of 4-hydroxycoumarin, malononitrile, and
aromatic and heteroaromatic aldehydes to synthesize 2-amino-
4-aryl-4,5-dihydropyrano[3,2-c]chromene-3-carbonitrile deriva-
tives (Scheme 57).

To optimize the reaction conditions different solvents such
as EtOH, n-hexane, CH3Cl, CH2Cl2, toluene, acetonitrile and
water were tested at reux temperature and the best results were
obtained in water. Then different amounts of the catalyst were
loaded to nd out the best results. Using 25 mg of the catalyst in
2 hours resulted in 96% yield of the requested product. Using
higher amounts of the catalyst did not make difference in the
obtained products yield. In continue a various range of aromatic
and heteroaromatic aldehydes with electron withdrawing/
donating groups were used under the same conditions. All the
products were obtained with excellent yields ranging from 80 to
96%, with no visible effect of the nature of substituted groups
on the product yields. There was no marked effect on the
geometry of the functional groups. This catalyst was recycled for
8 consecutive times without a signicant decrease in its activity.

The proposed mechanism for the synthesis of 2-amino-4-
aryl-4,5-dihydropyrano[3,2-c]chromene-3-carbonitrile deriva-
tives using the Fe3O4@W.tea/Ag nanocatalyst is shown in
Scheme 58.

3,4-Dihydropyrimidin-2(1H)-one compounds (DHPMs) are
oen prepared from the Biginelli and N-alkylation reactions.
DHPMs are developing in medicinal chemistry and have various
biological activities including antitumor, antiviral, anti-
leishmania, antibacterial, antifungal, anti-epileptic, antidia-
betic, anti-malarial, and anti-inammatory.150

In 2022 using a green method, Khashaei and co-workers
synthesized NiO NPs and used it for the rst time in the Bi-
ginelli reaction to receive to higher performance in the
synthesis of 3,4-dihydropyrimidin 2(1H)-ones (DHPMs).151

To prepare the catalyst, rst of all, the plants [Orange
blossom, Yarrow, Hibiscus tea, Green tea, Rosemary and/or
Barberry] were dried and turned into powder. Then the
powders were poured with distilled water under stirring at
44294 | RSC Adv., 2025, 15, 44272–44303
a temperature of 70 °C. Then, the extracts were stored at 4 °C
aer ltration. For the green synthesis of NiO NPs, Ni(NO3)2-
$6H2O was dissolved in deionized water and then mixed with
each of the natural surfactants, while the pH was adjusted with
an ammonia solution. Aer stirring and sonication, the mixture
was heated in an autoclave for 24 hours at a temperature of 80 °
C. The product was washed and dried, and nally, to remove
organic components, they were placed in an oven at a temper-
ature of 410 °C for 10 h (Scheme 59).

In case of this catalyst, XRD conrmed the cubic structure
with extract-controlled crystal size. FE-SEM showed porous 20–
60 nm particles with uniform distribution. FT-IR conrmed
adsorption of active extract compounds (OH, C–O) on NiO,
enhancing nanoparticle stability, while UV-Vis revealed direct
band gap energies (2.30–2.70 eV) inuenced by extracts,
reecting controlled particle size and improved optical prop-
erties. Aer conrming the structure of the synthesized
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 60 Schematic representation of the synthesis of 3,4-di-
hydropyrimidin 2(1H)-ones (DHPMs).
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nanocatalysts (NiO NPs) the reaction conditions for the
synthesis of DHPMs were optimized and then it was used to
prepare 3,4-dihydropyrimidin-2(1H)-one derivatives from the 3-
component reaction of aryl aldehydes, ethyl acetoacetate/
methyl acetoacetate, and urea (Scheme 60). For this purpose
the reaction was carried out at 90 °C under solvent-free condi-
tions using 30 mg of the catalyst (0.04 mol%). The formation of
DHPMs was facilitated by the activation of the reactants
through the Lewis acidic (Ni2+) and basic sites of the NiO NPs.

All the catalysts used in these processes are recyclable and
reusable, and they can be repeatedly recycled up to the fourth
step of the reaction without a decrease in the performance or
loss of efficiency.

The proposed reaction mechanism for the synthesis of
DHPMs using the prepared NiO nanocatalysts is presented in
Scheme 61.

Miscellaneous reactions

As we have previously mentioned, tea-derived nanocatalysts
have demonstrated high performance in a variety of organic
transformations, including carbenoid etherication, selective
hydrogenation, and phenol polymerization. The bioactive
Scheme 61 Possible mechanistic pathway for the synthesis of DHPM
in the Biginelli reaction using the prepared catalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
compounds present in tea, such as polyphenols, catechins, and
avonoids, naturally act as reducing and stabilizing agents,
promoting the formation of metal nanoparticles with controlled
size, uniform morphology, and high surface activity. These
active components prevent nanoparticle aggregation and
oxidation, signicantly enhancing their stability and catalytic
efficiency. Thanks to these properties, tea-derived nanocatalysts
enable reactions under mild, eco-friendly conditions with high
selectivity, broad substrate scope, and easy recyclability, while
maintaining robust and reliable performance even under rela-
tively harsh reaction conditions.

Carbene and carbenoids are very active intermediates in
organic chemistry, which enable various transformations.152

Carbenoids are usually obtained from diazo compounds and
catalytic amounts of an intermediate metal such as Fe, Cu, Pd,
Pt, Ni, Rh, Ru, Pd, Ag and Au.153

In 2012, Garcia and co-workers investigated the carbenoid
etherication reaction of tosylhydrazones using silver nano-
particles as the catalyst prepared in the media of the green tea
extract (Camellia sinensis).154

For this purpose, a green tea bag, containing 1.5 g of the
dried herb, was boiled in 100 mL of 2-propanol for 1 min. Then
the obtained extract was ltered. In the next step, the extract
was added to a solution of AgNO3 (3–10 M) in 2-propanol. The
reaction mixture was stirred at room temperature for 24 hours,
leading to the formation of Ag NPs.

TEM analysis showed uniform, spherical Ag nanoparticles
and well-separated ∼5 nm Fe–Cu nanoparticles. Green tea
extract acted as a natural reducing and stabilizing agent, pre-
venting agglomeration and enhancing particle stability and
surface activity, supporting higher catalytic efficiency. In
continue, Ag NPs was used as a catalyst in the carbenoid
etherication reaction of sodium salts of p-toluenesulfo-
nylhydrazones in i-PrOH under reux temperature (Scheme 62).
This reaction led to the production of two major products,
isopropyl ether and azine. The yields of these products varied
depending on the type of tosylhydrazone used. The highest yield
of isopropyl ether (68%) was obtained for the compound with
the R2 = 2,6-ClC6H3 group, while for the compounds with the R2

= 2,4,5-CH3OC6H2 group, the yield of ether decreased (10%)
and the yield of azine increased (30%). The compound with the
R2= 4-PhC6H4 group had a higher yield of ether (67%) than that
of azine (15%). These results indicate that the steric substitu-
ents in the R2 group have a direct effect on the yield of the
products.
Scheme 62 Carbenoid insertions using silver nanoparticles.
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Scheme 63 Reduction of FeSO4 using black tea as a reducer.

Scheme 65 Polymerization of phenol derivatives by the green tea-
Cu2+ nanobiocatalyst andH2O2, and the possible polymeric structures.
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Hydrogenation is a chemical process in which hydrogen
molecules are incorporated into unsaturated compounds,
usually in the presence of a catalyst, to generate saturated
compounds.155 This conversion reaction nds important uses in
diverse industries including food manufacturing, petrochemi-
cals, and pharmaceuticals.156

Although precious metal catalysts such as groups 9 and 10
metals are widely used in these reactions, due to high cost and
environmental concerns, efforts to replace them with cheaper
and non-toxic metals such as iron have increased.157 In a report
in 2013, Hudson et al. proposed iron nanoparticles stabilized
with amphiphilic polymer (FeNP@PS-(PEG)-NH2) as an efficient
and environmentally friendly catalyst for the hydrogenation of
both alkenes and alkynes along with imines and aromatic
ketones.158 Synthesis of FeNP@PS-(PEG)-NH2 using black tea as
a reducing agent was done according to the following method.
Firstly, the Red Label black tea was steeped and introduced into
a solution comprising amine-terminated polystyrene/
polyethylene glycol beads, FeSO4, and water. Subsequently,
the mixture was agitated for 24 hours, aer which the polymer
was separated by ltration and gathered (Scheme 63).

TEM showed well-dispersed ∼5 nm Fe(0) nanoparticles
stabilized by black tea polyphenols, preventing agglomeration,
while ICP conrmed that Fe loading was ∼5 times lower than
thermal methods due to the mild green reduction, yet nano-
particles remained stable and catalytically active.

The Fe NPs catalyst supported on amphiphilic polymer
showed wide applications in the selective hydrogenation of
various compounds including alkenes, alkynes, aromatic
imines and aldehydes (Scheme 64). One of the outstanding
features of this system is maintaining chemical selectivity (87–
100%), such that functional groups such as aliphatic amines
and aldehydes, ketones, esters, nitro and aryl halides remain
un-affected.
Scheme 64 Schematic hydrogenation reactions undertaken with
polymer supported iron nanoparticles, under flow conditions.

44296 | RSC Adv., 2025, 15, 44272–44303
The polymerization of phenols is of great importance from the
point of view of medicine and industry and has wide applications.
Among the most important medicinal and industrial features of
phenol polymerization are: antibacterial and antioxidant proper-
ties, biocompatibility and biodegradability, chemical and thermal
resistance, and electrical insulation.159,160

Because of this a green tea-Cu2+ nanobiocatalyst was prepared
through an environmentally friendly method for phenol poly-
merization by Kalayci and co-workers in 2024.161

At rst, to prepare the green tea-Cu2+ nanoowers, powdered
dry green tea was soaked in distilled water at 40 °C for one day,
and then the extract was ltered and dried. The dry extract was
stored in a refrigerator at 4 °C and used for the synthesis of
nanobiocatalyst. The green tea extract was added to a solution
of phosphate-buffered saline (PBS) (10 mM) and 0.8 mM
CuSO4$5H2O, themixture was vortexed and incubated for 3 days
at 4 °C. The resulting light blue precipitate was separated and
washed by centrifugation. Finally, the deposit was kept in a dry
oven and kept in a refrigerator at a temperature of 4 °C for the
polymerization test.

SEM showed green tea-Cu2+ nanobiocatalyst with uniform size
distribution, while EDX conrmed the presence of Cu, and FT-IR
indicated surface adsorption of green tea polyphenols, which
stabilized the nanostructures and enhanced their catalytic activity.
The polymerization of phenol and its derivatives (guaiacol and
salicylic acid) was catalyzed by the green tea-Cu2+ nanobiocatalyst
usingH2O2, and the obtained polymers showed a yield of 82% and
excellent thermal stability with T50 of 624 °C and a molecular
weight of 285 000 Da (Scheme 65).

The proposed mechanism for the polymerization of phenol
promoted by the green tea-Cu2+ nanobiocatalyst is shown in
Scheme 66. According to thismechanism, Cu2+ ions are reduced to
Cu+ in the presence of H2O2. Cu

+ reacts with H2O2 to produce
hydroxyl radicals (HOc). The hydroxyl radicals react with phenol
molecules to form phenoxy radicals propagating polymerization
through CC and CO pairs with phenol monomers.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 66 The polymerization mechanism of phenol.
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Critical evaluation and outlook

Tea-derived catalysts have emerged in recent years as promising
materials in various organic reactions. These materials,
beneting from bioactive compounds found in different types
Table 1 Review of characteristics, applications, and benefits of catalysts

Tea type Key reaction type
Avg.
Recyclability

Characterization
techniques Ad

Green tea � Reduction 4–9 cycles UV-Vis, FT-IR, XRD,
XPS, TEM, TGA, FE-
SEM, BET, HRTEM,
ICP, SEM, EDS,
VSM, elemental
mapping, ICP-OES,
FESEM, EDX

�
fr

� Coupling �
effi

� MCR �
re
�
de

Black tea � Reduction 4–9 cycles UV-Vis, FT-IR,
FESEM, EDX, XRD,
TGA, TEM, SEM,
XPS, ICP

�
fr

� Coupling �
� Hydrogenation �

�
White tea � Heterocyclic

synthesis
4–8 cycles FT-IR, XRD, SEM,

EDX, TEM, VSM,
ICP-AES

�

�

�

Hibiscus tea � Reduction 4–5 cycles UV-Vis, TEM, XRD,
FTIR, SEM, EDX

�
� Biginelli �
� Coupling �

�
co

Fenugreek
tea

� Reduction 5 cycles UV-Vis, SEM, SAED,
FT-IR, XRD, TEM,
XPS

�
�

� Coupling �
�

Herbal
tea extract

� Reduction 7–9 cycles FESEM, HRTEM,
EDS, VSM, XRD,
XPS, FT-IR, ICP,
TEM, WDX, UV-Vis,
AFM, TGA

�

� Coupling �
effi

� MCR
Yerba mate � Coupling 3 cycles ICP, FT-IR, FESEM,

EDS, TEM, XPS,
VSM

�
sy
�
io

© 2025 The Author(s). Published by the Royal Society of Chemistry
of tea, have demonstrated desirable features such as high
stability, biocompatibility, and efficient catalytic performance.
However, a critical evaluation of existing studies reveals that
there are still serious challenges and limitations on the path
toward industrial development and application of these
catalysts.

Firstly, although most reported tea-based catalysts exhibit
excellent recyclability and catalytic activity, they have generally
been synthesized and tested only at the laboratory scale. The
lack of industrial-scale reproduction methods and the absence
of standardized synthesis protocols represent major barriers to
commercialization. Furthermore, selectivity in complex reac-
tion media—especially in the synthesis of pharmaceuticals or
sensitive compounds—has not yet been thoroughly
investigated.

Another signicant challenge lies in the intrinsic variability
of the chemical composition of different tea types. Variations in
the type and quantity of polyphenols and other bioactive
components may result in inconsistent catalytic behavior. In
this regard, developing protocols for extract standardization or
derived from various types of tea in catalytic processes

vantages Challenges [Ref.]

Green and eco-
iendly synthesis

� Optimization of
synthesis conditions

55,60,61,65,67,
86,109,112,
118,148,151,
161 and 162

High catalytic
ciency

� Separation and
purication

Stability and
usability

� Limitations in
scalability

Versatility in catalyst
sign
Green and eco-
iendly synthesis

� Extended reaction
times

63,66 and 158

High efficiency
Excellent stability � Reaction limitations
Selective activity
High stability � Reaction condition

optimization
100,105 and 149

Recyclability � Replacement of toxic
solvents

Green synthesis � Simplication of
synthesis steps

High catalytic activity � Complex synthesis
process

53,88 and 151
Excellent recyclability
Green synthesis � Separation process

optimizationMild reaction
nditions
High catalytic activity � High energy

consumption
64 and 89

Excellent stability
Green synthesis � Reaction condition

optimizationHigh selectivity
High recyclability � Purication

complexities
54,62,80,114 and 141

High catalytic
ciency

� Energy-intensive steps
in synthesis
� High catalyst loading

Green and sustainable
nthesis

� Limited recyclability 163

High efficiency for aryl
dides

� Longer reaction times
for aryl bromides
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isolating key active compounds such as EGCG (epigallocatechin
gallate) and theaavins is crucial to improve reproducibility.

In addition, concerns remain regarding the long-term
stability of metal nanoparticles and the potential leaching of
metal ions into aqueous media, which could result in negative
environmental impacts. This underscores the need for toxico-
logical studies and life cycle assessment (LCA) to ensure the true
sustainability and environmental safety of these systems.

Accordingly, the following research directions are suggested
for future studies:

� Development of hybrid catalytic systems by combining tea
extracts with biobased supports such as biopolymers or MOFs,
in order to reach to enhanced catalytic activity and tunability;

� Evaluation of these materials in real-world and industrial
applications beyond model reactions like 4-nitrophenol reduc-
tion, particularly in pharmaceutical synthesis and wastewater
treatment;

� Standardization of tea extracts to reduce performance
uctuations between different catalyst batches.

Moreover, it is essential to emphasize the industrial and
environmental signicance of tea-based catalysts. Attributes
such as easy availability, low cost, green synthesis methods, and
renewability make these materials attractive candidates for
various industrial applications. However, bridging the gap
between laboratory-scale performance and actual industrial
implementation will require interdisciplinary collaboration
among organic chemistry, materials science, and environ-
mental engineering.

Applications such as industrial wastewater treatment,
biomass conversion, green drug synthesis, and removal of
organic pollutants from the environment are among the elds
where tea-derived catalysts can offer clear benets. With further
optimization, standardization, and validation, these systems
have the potential to serve as sustainable and efficient alterna-
tives to traditional, expensive, and toxic catalysts.

In this context, Table 1 represents a comparative overview of
different types of tea-derived nanocatalysts. It summarizes key
data such as tea type, target reaction, recyclability, main
advantages, and reported challenges—providing a clear snap-
shot of the current landscape in this research eld. For readers
seeking more detailed information, Table 2 presents a compre-
hensive summary of the catalysts, including their composition,
metal salt, reaction type substrates, reaction conditions, and
corresponding yields or conversions in various organic
transformations.

Conclusion

In this article, the synthesis and application of various catalysts
derived from different types of teas and herbal infusions have
been comprehensively reviewed. The catalysts introduced
herein have been thoroughly characterized using a wide range
of techniques including FT-IR, UV-Vis, XRD, XPS, SEM, FE-SEM,
TEM, BET, TGA/DTG, EDS, EDX, VSM, ICP, ICP-OES, ICP-AES
and Boehm titration, conrming their structural, morpholog-
ical, and surface properties. Tea extracts, rich in polyphenols,
avonoids, alkaloids, and terpenoids, serve as eco-friendly
44300 | RSC Adv., 2025, 15, 44272–44303
sources of reducing and stabilizing agents that play a crucial
role in the green synthesis of these catalysts.

These bio-derived catalysts have demonstrated signicant
efficiency in promoting several key organic transformations,
such as the reduction of toxic nitrophenol derivatives, the
formation of bisphenols via Suzuki–Miyaura cross-coupling
reactions, and various multicomponent reactions (MCRs),
each affording valuable products in high yields and under mild
conditions, oen within short reaction times.

Notably, most of the investigated catalysts exhibit excellent
reusability, maintaining their catalytic activity over multiple
reaction cycles with minimal loss in performance. This recy-
clability, combined with green synthesis routes and the use of
renewable plant-based precursors, highlights the potential of
tea-derived catalysts as sustainable alternatives in modern
green chemistry and industrial applications.

Despite these advances, realizing the full industrial potential
of these bio-based catalysts requires continuous development
and interdisciplinary collaboration across materials science,
environmental engineering, and industrial chemistry. Targeted
applications such as wastewater treatment, biomass conver-
sion, and green pharmaceutical synthesis represent promising
pilot areas to evaluate the performance and environmental
impact of these catalysts on a larger scale. With ongoing opti-
mization and validation, tea-derived catalytic systems could
play a pivotal role in replacing toxic and costly metal-based
catalysts, marking a critical step toward greener industrial
technologies.
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